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ABSTRACT 
Stream Temperature Monitoring and Modeling to Inform  
Restoration: A Study of Thermal Variability  
in the Western US 
 
by 
 
 
 
Jessica R. Wood, Master of Science 
Utah State University, 2017 
Major Professor: Dr. Sarah Null 
Department: Watershed Science 
Salmonid population numbers and distribution are heavily influenced by stream 
temperature, and there is growing concern about the health of salmonid populations with 
anticipated climate change.  Managers are looking to efficiently evaluate management 
options to maintain stream temperatures suitable for salmonids.  This study evaluated and 
compared stream temperature restoration alternatives to benefit salmonids in two 
thermally-limited systems of the western US using stream temperature monitoring and 
process-based modeling.  Results demonstrate that understanding of model mechanisms 
and parameter use is vital to the interpretation of model results. 
The first study identified small-scale thermal habitat for Lahontan cutthroat trout 
that basin-scale temperature monitoring and modeling could not capture in Nevada’s 
Walker River.  A Raman spectra distributed temperature sensing (DTS) system quantified 
iv 
 
small-scale stream temperature variability, measured as temperature range, through space 
and time.  Comparison of DTS monitoring and thermal infrared aerial imagery results 
with existing basin-scale model outputs identified two habitat features, beaver dams and 
irrigation return flow channels, that maximize thermal variability.  Restoration should 
maintain and enhance these features, although different restoration approaches may be 
needed at different locations.  This study may provide guidance for interpretation of 
stream temperature results from other basin-scale models. 
The second study quantified stream temperature effects of wildfire and riparian 
revegetation in Oregon’s Meadow Creek with current and projected mid-21st century 
climate.  A stream temperature model developed and applied using Heat Source found 
riparian revegetation restoration eliminated days above the lethal threshold (25 oC) for 
salmonids and decreased the number of days exceeding spawning criteria during 
spawning periods.  Days exceeding salmonid spawning (13 oC) and rearing (18 oC) 
thresholds were reduced by all vegetation restoration scenarios, but elimiated by none.  
Results highlights the importance of the length and location of revegetation restoration, 
which can maximize thermal refugia for salmonids or alleviate the impact of known 
thermal barriers. These scenarios can help managers understand whether riparian 
restoration efforts in Meadow Creek will maintain coldwater habitat for salmonids with 
projected climate change.  Modeling issues encountered during this study highlight the 
importance of clear model documentation of paramter use in model equations to the 
accurate representation of a system.   
(130 pages) 
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PUBLIC ABSTRACT 
Stream Temperature Monitoring and Modeling to Inform  
Restoration: A Study of Thermal Variability  
in the Western US 
Jessica R. Wood 
Water temperature is an important variable for aquatic ecosystems.  Salmonid 
population numbers and distribution are heavily influenced by stream temperature, and 
there is growing concern about the health of salmonid populations with anticipated 
climate change.  Managers are looking to efficiently evaluate options to maintain stream 
temperatures needed by salmonids.  This study evaluated and compared stream 
temperature restoration alternatives in two streams with warm temperatures using stream 
temperature monitoring and modeling.   
The first study identified pockets of cold water that are important to native fish 
species in Nevada’s Walker River.  Comparison of monitoring results with existing 
basin-scale model outputs identified two habitat features, beaver dams and irrigation 
return flow channels, that maximize stream temperature variability.  Restoration should 
maintain and enhance these features, although different restoration approaches may be 
needed at different locations.  This study may provide guidance for the interpretation of 
stream temperature results from other basin-scale models. 
The second study quantified stream temperature effects of wildfire and restoration 
plantings in Oregon’s Meadow Creek with current and projected mid-21st century 
vi 
 
climate.  A stream temperature model developed and applied using Heat Source found 
restoration eliminated days above the lethal threshold (25 oC) for salmonids and 
decreased the number of days exceeding spawning criteria during spawning periods.  
Days exceeding salmonid spawning (13 oC) and rearing (18 oC) thresholds were reduced 
by all vegetation restoration scenarios, but elimiated by none.  Results highlights the 
importance of the length and location of restoration, which can maximize pockets of cold 
water for salmonids or alleviate the impact of warm water sections.    
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 CHAPTER I 
INTRODUCTION 
Water temperatures are important to aquatic ecosystem health and the distribution 
of aquatic species (Caissie, 2006) because they impact metabolic rates, physiology, 
population structure, and productivity of aquatic species (Kitchell et al. 1977).  Climate 
and weather, which affect heat exchange across the air-water interface (Edinger et al. 
1968), are external governing factors for stream temperatures (Morrill et al., 2005; Webb 
et al., 2008).  Flow regimes and channel conditions, such as channel morphology and 
riparian vegetation, influence heat and water exchange in streams, buffering thermal 
dynamics and creating local spatial and temporal thermal variability (Caissie 2006; Poole 
and Berman 2001; Webb et al. 2008).  Assessing stream temperatures at small temporal 
and spatial scales is important because considerable spatial and temporal heterogeneity in 
stream temperatures can exist within river basins (Ficklin et al. 2014; Vatland et al. 
2015).  Understanding stream temperature dynamics can help researchers and managers 
prioritize restoration to enhance ecosystem health. 
The overall objective of my research was to evaluate and compare stream 
temperature restoration to benefit salmonids in two thermally-limited systems of the 
western US using stream temperature monitoring and process-based modeling.  The first 
case study, presented in Chapter 2, quantified current stream temperature variability in 
Nevada’s Walker River using Raman spectra Distributed Temperature Sensing (DTS) 
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and thermal infrared (TIR) imagery.  The DTS measured stream temperatures every 15 
minutes, at a 1 m spatial resolution, while TIR imagery provided a continuous spatial 
survey for two days (Watershed Sciences, Inc. 2012).  This research quantified the small-
scale thermal variability not captured in an existing basin-scale model.  The Tennessee 
Valley Authority’s River Modeling System (RMS) (Hauser and Schohl, 2002), an hourly, 
one-dimensional, process-based stream temperature model developed by Elmore et al. 
(2015), evaluated water temperature effects from environmental water purchases (EWPs) 
in the Walker River.  EWPs are one restoration strategy in the Walker River to increase 
instream flow, which alters stream temperatures by increasing thermal mass.  Quantifying 
the thermal variability that exists, but is not represented, in the basin-scale model can 
improve understanding of reach scale temperature variability.  This information, coupled 
with the identification of cool-water river segments, will prioritize restoration measures 
to re-establish river connectivity between Walker River and Lake for LCT and other 
native species.   
In the second case study, presented in Chapter 3, I used Heat Source, an hourly, 
one-dimensional, process-based model, to assess stream temperature variability and 
quantify stream temperature effects of riparian revegetation in Oregon’s Meadow Creek 
with current and climate change hydrologies and air temperatures.  Restoration in 
Meadow Creek focuses on improving local channel conditions by increasing riparian 
canopy.  I used climate, stream temperature, and flow data collected from August 2014 
through April 2017 to develop the stream temperature model for water years (WY) 2015, 
2016, and spring 2017 for a 12 km reach of Meadow Creek.  These scenarios will help 
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managers understand the extent to which riparian restoration efforts in Meadow Creek 
will maintain coldwater habitat for salmonids with projected climate change. 
The restoration goal for both case studies is to provide suitable stream 
temperatures and habitat for salmonids; however, two very different restoration 
approaches are being considered in the two case studies.  My research investigated 
diverse river systems and restoration approaches using stream temperature monitoring 
and modeling, and compared restoration approaches to help managers make informed 
restoration decisions to protect salmonids in the American West.   
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CHAPTER II 
SMALL-SCALE TEMPERATURE VARIABILITY IN NEVADA’S WALKER 
RIVER USING DTS AND THERMAL INFRARED IMAGERY 
1  Introduction 
 Salmonids can avoid heat stress and meet their thermal requirements by making 
use of areas of cold water that may be present in stream segments with small scale 
thermal variability (Dugdale et al. 2013).  Salmonids move to pockets of cold water, or 
thermal refugia, when stream temperatures are near their upper thermal tolerances 
(Dunham et al. 1999; Dunham et al. 2003; Sutton et al. 2007; Torgersen et al. 1999).  
Assessing stream temperatures at small temporal and spatial scales is important to 
quantify heterogeneity in stream temperatures and best manage complex and 
heterogeneous rivers, aquatic habitats, and species (Vatland et al. 2015).   
Temperature models are a useful tool in management applications, helping 
decision makers to understand stream temperature dynamics and the potential impact of 
restoration actions.  Many one-dimensional temperature models exist, and have been 
applied to understand temperature effects of dams, reservoir re-operation, climate change, 
and restoration in systems all over the world.  This paragraph introduces a few one-
dimensional temperature models. Tennessee Valley Authority’s River Modeling System 
(RMS) is a one-dimensional hydrodynamic and water quality model (Hauser and Schohl, 
2002), which has been used to model stream temperature and dissolved oxygen responses 
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to restoration in the Walker River (Elmore et al. 2015; Null et al. 2017).  QUAL2Kw 
calculates diel heat budgets and water quality kinetics for one-dimensional streams 
(Pelletier et al. 2006) and has simulated stream temperature for revegetation restoration 
(Miller, 2015).  In addition, the Oregon Department of Environmental Quality maintains 
Heat Source, a process-based, one-dimensional stream thermodynamics and hydrology 
model, which has been applied throughout the Pacific Northwest to assess revegetation 
restoration alternatives (Boyd and Kasper, 2003; Butcher et al., 2010; Oregon DEQ, 
2000; Watershed Sciences, 2012b).  Stream temperature models used in management are 
often one-dimensional because they are more data and computationally efficient than 
two- or three-dimensional models; however, modeling in one-dimension results in the 
key assumption of completely mixed reaches.   
Stream temperature monitoring sensors allow for data collection at fine spatial 
and temporal resolutions to quantify thermal heterogeneity.  DTS provides near-
continuous measurements in both time and space to monitor temperatures (Selker et al. 
2006; Suárez et al. 2011).  Raman spectra DTS is capable of measuring temperatures 
every meter along a fiber optic cable with an accuracy of at least ±0.1 oC (Tyler et al., 
2009).  In addition to quantifying thermal dynamics in air, streams, lakes, soil, and snow, 
DTS has determined zones of groundwater influence (Hare et al. 2015; Selker et al. 2006; 
Suárez et al. 2011) and hyporheic exchange (Briggs et al., 2012).  Thermal infrared (TIR) 
remotely sensed imagery captures spatially-continuous stream surface temperatures for a 
single point in time (Dugdale, 2016; Torgersen et al., 2001).  TIR has been used in 
conjunction with stationary temperature loggers to calibrate reach- and basin-scale 
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models, identify spatial heterogeneity, and locate groundwater/tributary inputs (Bingham 
et al., 2012; Carrivick et al., 2012; Deitchman and Loheide, 2012; Dugdale, 2016).   
DTS and TIR are often used in conjunction with stream temperature models.  TIR 
and instream temperature loggers were used to calibrate an 86 km QUAL2Kw water 
quality model in the Wenatchee River in Washington (Cristea and Burges, 2009) and a 
100 km scale statistical model in the Big Hole River, MT (Vatland et al. 2015).  Vatland 
et al. (2015) concluded that single point monitoring sites may underestimate the temporal 
and spatial heterogeneity in stream temperatures for drought management and that DTS is 
a promising addition to TIR and stationary loggers.  DTS data were used to calibrate and 
validate a physically-based one-dimensional stream temperature model of a 1260 m 
stretch of the Boiron de Morges River in southwest Switzerland (Roth et al., 2010; 
Westhoff et al., 2007).  While DTS and TIR have been applied to calibrate reach-scale 
models (Bingham et al. 2012; Bond et al. 2015; Cardenas et al. 2014), no studies have 
used both DTS and TIR to quantify temperature ranges within model nodes and better 
interpret basin-scale model results.   
The objective of this chapter was to 1) evaluate small-scale stream temperature 
variability, or the range of stream temperatures, using DTS and TIR imagery, and 2) 
compare DTS and TIR stream temperature measurements with existing one-dimensional 
(300 m spatial resolution), basin-scale stream temperature model results to identify river 
features that provide a range of stream temperatures within modeled reaches.  Nevada’s 
Walker Basin was my study watershed and is representative of other arid and semi-arid 
watersheds in western USA.  River restoration is ongoing in the Walker Basin, focusing 
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on environmental water purchases to inprove habitat connectivity between Walker River 
and Lake (National Fish and Wildlife Foundation, 2011; Walker Basin Conservancy, 
2017).  An existing hydrodynamic streamflow and temperature model was developed to 
evaluate restoration alternatives (Elmore et al. 2015; Null et al. 2017).  Understanding 
small-scale stream thermal range will help researchers to identify locations with thermal 
refugia and thermal barriers to migration, better interpret reach or watershed-scale model 
results, and prioritize river restoration alternatives. 
2  Study Site 
The headwaters of the Walker River flow from the east-slope Sierra Nevada 
Mountains and the river drains into Walker Lake, a terminal lake in the Great Basin.  The 
lower elevations of the Walker Basin have an arid climate with hot summers, whereas 
high elevations receive heavy snowfall during cold winters (Sharpe et. al 2008).  The 
Walker Basin is approximately 10,750 km2 (Sharpe et. al 2008) and agriculture is the 
primary land use in the basin.  In the recent, prolonged drought, the Walker River was 
disconnected from Walker Lake in the fall of 2014 and 2015 (Null et al. 2017).   
The abundance and distribution of native Lahontan cutthroat trout (LCT) 
(Oncorhynchus clarkii henshawi) are limited by warm stream temperatures, low 
streamflows, and low dissolved oxygen in the Walker River (Coffin and Cowan 1995; 
USFWS 2003).  Historically, Walker River and Lake contained healthy populations of 
LCT; however, they no longer survive in Walker Lake due to high salinity and persist in 
less than 10% of their historical range of the Walker River (Coffin and Cowan 1995; 
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Dunham et al. 1999).  LCT are listed as a threatened species under the Endangered 
Species Act (USFWS 1975).  Field studies conducted in Coyote Lake, Quinn River, and 
Humbolt River indicate LCT occurrence is reduced at stream temperatures > 28 oC, even 
though the acute (< 2hr) threshold is 28 oC (Dunham et al. 2003).  Null et al. (2017) 
measured stream temperatures above the acute temperature threshold for LCT (> 28 oC) 
during summer in 2014 and 2015.   
Hourly streamflow and stream temperatures were modeled for one wet (2011) and 
dry (2012) irrigation season (April 1-October 31) (Elmore et al. 2016) and hourly 
streamflow, stream temperatures, and dissolved oxygen concentrations were modeled for 
two dry (2014 and 2015) irrigation seasons (April 1-October 31) (Null et al. 2017) using 
RMS.  Walker River modeled extent includes the East Walker River downstream of 
Bridgeport Reservoir (River mile 150 to 73), the West Walker River downstream of 
Topaz Reservoir (River mile 37 to 0) and the mainstem Walker River to Walker Lake 
(River mile 73 to 0) (Fig. 2.1).   
3 Methods  
DTS and TIR field measurements quantified small-scale thermal variability, or 
the range of stream temperatures, in the Walker River.  RMS is a 1-dimensional 
hydrodynamic and water quality model which solves St. Venant equations for 
conservation of mass and momentum and the Holly-Priessmann mass transport equation 
(Hauser and Schohl, 2002).  Three hundred and five km of the East Walker, West 
Walker, and mainstem Walker Rivers were represented in RMS at an hourly time step 
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and 300 m spatial resolution.  Within each 300 m modeled node in RMS, stream 
temperatures were assumed to be perfectly-mixed.  Small-scale thermal range results 
were compared to RMS modeled temperature estimates.  
 
 
 
Figure 2.1. Walker River modeled extent, June 2015 DTS deployment sites, and July 
2012 TIR imagery extent. 
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3.1 Distributed Temperature Sensing (DTS) Data 
DTS measures temperatures in a fiber optic cable by sending a laser pulse down 
the cable and timing the return signal.  Although the majority of energy sent into the 
cable is reflected back at the original wavelength, a portion of the energy is absorbed and 
re-emitted at both shorter and longer wavelengths.  These changes in the back-reflected 
wavelength frequency are Raman-backscatter.  Raman-backscatter is further split into 
two categories, Stokes backscatter, the longer wavelength reflection, and Anti-Stokes 
backscatter, the shorter wavelength reflection.  Temperatures along the cable are 
determined from the Stokes/Anti-Stokes ratio, with changing wavelength amplitude 
depending on temperatures (Selker et al. 2006).  DTS measures the average temperature 
along the sample interval, in this case 1 meter (m).   
A silver 1 km DTS cable measured diurnal stream temperatures in the mainstem 
and East Walker Rivers.  Stream temperature data were collected in the East Walker 
River at Rafter 7 Ranch on June 18-23, 2015 and in the mainstem Walker River at 
Stanley Ranch on June 25-30, 2015 (Fig. 2.1).  A two-channel Sensornet Orxy DTS unit 
measured stream temperatures at a spatial resolution of 1 m and temporal resolution of 15 
minutes (each data collection event collected temperatures over 30 seconds and averaged 
temperature along the 1 m sample interval).  Measurement precision was 0.01 oC in the -
40 to 65 oC range.  Mainstem Walker DTS deployment included approximately 20 m of 
the Wabuska Drain outlet, which is a flood irrigation return canal entering the mainstem 
Walker River toward the downstream end of the DTS cable.  The Wabuska Drain was not 
flowing during the drought conditions observed in the DTS deployment period, but 
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contained standing water.  The DTS cable was deployed in a U shape at both sites, with 
approximately 400 m of cable on each side of the stream.  The cable was suspended in 
the water column above the streambed with steel stakes and leashes.   
The DTS was dynamically calibrated during deployment with 10 m of cable 
placed in three recirculated calibration baths (one ambient and one ice bath near the DTS 
and one ambient bath at the end of the cable) (Hausner et al., 2011; Tyler et al., 2009).  
RBRsolo thermocouple temperature sensors measured temperatures in calibration baths 
that are accurate to 0.002 oC in the -5 oC to 35 oC range.  Nine Maxim Integrated iButton 
thermistors provided additional stream temperature measurements along the cable every 
15 minutes to check DTS temperatures.  iButton temperature loggers collect 
measurements with accuracy of 0.5 oC in the -40 to 85 oC range.   
The DTS had two co-located fibers within the cable that were connected in a 
splice box at the end of the cable.  This created an internal loop of fiber, producing one 
double-ended set of temperature measurements (Hausner et al., 2011).  However, the 
splice box was damaged, so two single-ended datasets were evaluated in place of one 
double-ended dataset.  In this installation, the DTS measured temperatures on Channel 1 
that covered the length of fiber from the instrument to the damaged splice; and then 
Channel 2 measured temperatures for the same length, on the other fiber. This resulted in 
two temperature measurements at each data collection point along the cable.   
Calibration compared the DTS data against thermocouple data and adjusted the 
DTS data to match the thermocouple data using a linear transformation.  Post-collection 
processing used the single-ended explicit calibration method developed by Hausner et al. 
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(2011).  First, sections of cable that were exposed to air were removed from the dataset.  
Due to cable damage near the splice box prior to the third calibration bath, post 
processing relied upon iButton data closest to the end of the cable in place of the third 
thermocouple and the two calibration bath thermocouples near the DTS.  Root mean 
square error (RMSE) was calculated between each thermocouple or iButton and 
corresponding DTS temperature.  I reported the average RMSE of the two thermocouples 
and iButton to provide overall RMSE to quantify DTS error for the length of the cable for 
each channel.  The channel with the lowest calibrated RMSE was used for data analysis 
and results.   
Tension on the DTS cable can result in erroneous temperature measurements 
(Hausner et al., 2011).  Data points were removed if the temperature difference between 
the two channels was >1 oC.  Instead, the temperature for that point was linearly 
interpolated between the upstream and downstream cable locations.  In addition, RMSE 
was calculated between the georefereced iButton stream temperature measurements and 
the corresponding georeferenced DTS stream temperature measurements for the entire 
data collection period to provide an additional test of the DTS temperatures.  iButton 
residuals were calculated as the difference between iButton temperatures and co-located 
DTS measured temperatures. 
A Decagon eKo Pro Series meteorological station with an eKO ET22 weather 
sensor collected solar radiation, wind speed and direction, air temperature, humidity, 
barometric pressure, and precipitation every 15 minutes at the location of the DTS for 
each DTS deployment.  Edge of water, DTS cable location, thalweg, and channel cross 
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sections were surveyed with a Leica Viva GS14 GNSS Real Time Kinematic (RTK) 
GPS, accurate to approximately 2 cm.  Survey data georeferenced the DTS and estimated 
10 cm contours of streambed bathymetry.  USGS gages 10293500 and 10301500 
provided flow data for the East Walker River and mainstem Walker River, respectively.  
DTS deployments occurred on warm and clear summer days when max air temperatures 
were 34.7 oC at the East Walker River and 37.9 oC at the mainstem Walker River DTS 
sites (Fig. A.2).  Average flow was 1.2 cms (42 cfs) in the East Walker and 1.0 cms (36 
cfs) in the mainstem Walker during deployment (Fig. A.2).   
3.2 Airborne Thermal Infrared (TIR) Data 
TIR imagery of the Walker River measured surface stream temperatures for 238 
river miles in the East Walker, West Walker, and mainstem Walker Rivers (Fig. 2.1) on 
July 18 and 24 - 26, 2012 by Watershed Sciences, Inc. (2012a).  2012 was a dry year and 
TIR data were collected on warm summer days with low humidity.  Pixel resolution was 
0.6 m (Watershed Sciences, 2012a).  A FLIR Systems, Inc. SC6000 sensor (wavelength 
of 8-9.2 µm, Noise Equivalent Temperature Differences of 0.035 oC, and pixel array of 
640 x 512 at a 14 bit encoding level) mounted on the underside of a Bell Jet Ranger 
Helicopter collected imagery, and was flown at an altitude of approximately 610 m.  
Watershed Sciences, Inc. (2012) reports expected stream temperature accuracy of 0.5 oC 
or better for TIR imagery, unless at the location of a surface inflow.   
Watershed Sciences, Inc. (2012) calibrated, georeferenced, and interpreted TIR 
imagery.  Interpretation was accomplished by querying ten temperature sample points 
from the center of the stream channel and reporting the median value.  The analyst used 
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flight speed, image overlap, and river features to determine which images to sample 
(Watershed Sciences, 2012a).  The end result was a summary of spatial variations in 
surface stream temperatures reported as a minimum, median, and maximum temperatures 
for each sampling point.  See Watershed Sciences, Inc. (2012) for additional detail. 
3.3 Thermal Range and Comparison to RMS Outputs   
DTS deployments were designed to span both sides of the channel for one model 
length.  The stream temperature, Ts, minimum, maximum, and reach average was 
calculated for each 15 minute DTS sample event, i, daily, d, and for the entire 
deployment period, n, for each DTS site (Table 2.1).  The range, Ri, for each 15 minute 
DTS sample event, i, was calculated by subtracting the minimum measured temperature 
for the 300 m deployment reach, Tsmin,i, from the maximum measured temperature, 
Tsmax,i.   
𝑅𝑅𝑖𝑖 = 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 −  𝑇𝑇𝑇𝑇𝑚𝑚𝑖𝑖𝑚𝑚,𝑖𝑖      (1) 
The minimum, maximum, and average of Ri was reported daily, d, and for the entire 
deployment period, n, for each DTS site. 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚 =  ∑ �𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖− 𝑇𝑇𝑇𝑇𝑚𝑚𝑖𝑖𝑚𝑚,𝑖𝑖�𝑚𝑚𝑖𝑖=1 𝑚𝑚     (2) 
In addition, the minimum and maximum temperatures for each top of the hour 
DTS measurement, Tsmin,toh, and Tsmax,toh, respectively, were compared to RMS modeled 
Walker River stream temperatures to quantify thermal range not represented with one-
dimensional modeling.  RMSE, mean absolute error (MAE), and mean bias between the 
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spatial average for the top of the hour DTS temperatures, Tsavg,toh, and hourly modeled 
temperatures, Tmod, summarized differences.  The percentage of time when Tmod < 
Tsmin,toh and Tmod > Tsmax,toh was also calculated.   
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ �𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡𝑚𝑚ℎ�2𝑛𝑛𝑖𝑖=1
𝑛𝑛
    (3) 
𝑅𝑅𝑀𝑀𝑅𝑅 =  ∑ �𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡𝑚𝑚ℎ�𝑛𝑛𝑖𝑖=1
𝑛𝑛
    (4) 
𝐵𝐵𝑖𝑖𝑅𝑅𝑇𝑇 =  ∑ �𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡𝑚𝑚ℎ�𝑛𝑛𝑖𝑖=1
𝑛𝑛
    (5) 
TIR stream temperatures were compared with model outputs for the modeled 
extent of the Walker River from Bridgeport and Topaz Reservoirs to Weber Reservoir for 
two days in July 2011.  To compare measured TIR surface temperatures with model 
results, TIR summary points provided by Watershed Sciences, Inc. (2012) were 
georeferenced with model nodes.  TIR flight times determined which model hour’s 
results, Tmod, were compared to TIR temperatures.  On average there were 2 – 3 TIR 
points per model node, j.  Stream temperature range within each model node, Rj , was 
calculated by subtracting the minimum TIR temperature, Tsmin,j, from the maximum TIR 
temperature, Tsmax,j, for each model node.  RMSE, MAE, and mean bias were calculated 
between the mean of the median measured stream temperatures for each model node, 
Tsavg,j, and the corresponding Tmod to assess differences.  Tsavg,j was the mean of median 
stream temperature because TIR summary points reported minimum, maximum, and 
median temperatures only.   
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Table 2.1. Description of stream temperature variables. 
Variable Description Spatial Extent 
DTS 
Tsmin,i 15 minute Minimum Temperature 
300 m  
Tsmax,i 15 minute Maximum Temperature 
Tsavg,i 15 minute Average Temperature 
Ri 15 minute Temperature Range Tsmax,i -Tsmin,i 
Tsmin,toh Top of Hour Minimum Temperature 
Tsmax,toh Top of Hour Maximum Temperature 
Tsavg,toh Top of Hour Average Temperature 
   
Tsmin,d Daily Minimum of Tsmin,i 
300 m  
Tsmax,d Daily Maximum of Tsmax,i 
Tsavg,d Daily Average of Tsavg,i 
Rmin,d Daily Minimum of Ri 
Rmax,d Daily Maximum of Ri 
Ravg,d Daily Average of Ri 
   
Tsmin,n Deployment Minimum of Tsmin,i 
300 m  
Tsmax,n Deployment Maximum of Tsmax,i 
Tsavg,n Deployment Average of Tsavg,i 
Rmin,n Deployment Maximum of Ri 
Rmax,n Deployment Minimum of Ri 
Ravg,n Deployment average of Ri 
TIR 
Tsmin,j Minimum Temperature 
300 m  
Tsmax,j Maximum Temperature 
Tsavg,j Average of summary point median temperatures 
Rj Temperature Range Tsmax,j -Tsmin,j 
   
Tsmin Minimum of Tsmin,j 
    East, West,  
  or mainstem      
Walker River 
Tsmax Maximum of Tsmax,j 
Tsavg Average Tsavg,j 
Rmax Maximum of Rj 
Ravg Average of Rj 
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The average of Tsmin,j, Tsmax,j, Tsavg,j, and Rj was calculated for the East Walker, West 
Walker, and mainstem Walker Rivers.  The percentage of time when Tmod < Tsmin,j and 
Tmod > Tsmax,j was also calculated. 
4 Results 
4.1 DTS Calibration Results 
Due to potential stress on the cable, temperature differences were observed between DTS 
channels.  Channel 2 had the lowest RMSE values, with an average RMSE between 
calibrated 
DTS data and the three reference temperatures of 0.09 oC and 0.15 oC at the East Walker 
River and mainstem Walker River DTS sites, respectively (Table A.1).    
iButton stream temperature measurements provided an additional test of DTS 
measurements.  Average DTS error for both sites was within the 0.5 oC precision of the 
iButtons (Table A.2).  iButton residuals vs. DTS temperatures show that iButtons 
measured warmer temperatures than the DTS for the East Walker River, although the 
average bias for all iButtons was within the 0.5 oC precision of the iButtons (Fig. A.1 and 
Table A.2).  iButton residuals versus DTS temperatures showed no significant trends in 
errors for the mainstem Walker River (Fig. A.1 and Table A.2). 
4.2 DTS Measured Stream Temperatures and Range 
Average DTS measured stream temperatures in the East Walker River, Tsavg,n,  
were approximately 4 oC cooler and less variable than the mainstem Walker River (Fig. 
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2.2 and Table 2.2).  Average model node range for the deployment (Ravg,n) was nearly 2 
oC greater in the mainstem Walker River than the East Walker River.  The East Walker 
River DTS site is farther upstream and close to Bridgeport Reservoir, a bottom release 
dam.  The mainstem Walker River DTS site is 92 km downstream from the East Walker 
River DTS site and also receives releases from Topaz Reservoir on the West Walker 
River, a top release dam.  These results confirm those of other studies showing that 
stream temperatures warm longitudinally during summer (Elmore et al. 2015). 
Daily minimum stream temperature (Tsmin,d) occurred between 6:15 and 8:30 am 
and daily maximums (Tsmax, d) occurred between 5:00 and 5:30 pm.  Daily maximum 
temperature (Tsmax, d) temperatures in the East Walker River were measured in a straight, 
homogenous, unshaded section, which possibly creates a thermal barrier to fish passage 
(Fig. 2.3a).  Daily minimum temperature range (Rmin,d) occurred between midnight and 
8:15 am, while daily minimum temperature range (Rmax,d) occurred between 1:00 and 
3:00 pm (Table 2.2).  Spatial stream temperature range during 15 minute collection 
events extended from a minimum (Rmin,n) of 0.5 oC to a maximum (Rmax,n) of 2.0 oC, with 
an average (Ravg,n) of 1.0 oC for the deployment time period.  A shaded backwater eddy 
and pools with some overhanging shrubs and tall cottonwoods created increased channel 
and thermal heterogeneity in the East Walker River (Fig. 2.3a).   
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Figure 2.2. Stream temperatures measured for the length of the DTS cable at East Walker 
River (a) and mainstem Walker River (b) DTS sites.  Wabuska Drain is located at cable 
distance 110-175 m for the mainstem Walker River site (b). 
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Table 2.2. Daily stream temperatures and range for DTS deployment reaches in the East 
Walker and mainstem Walker Rivers. 
  Minimum Maximum Average 
  Tsmin (oC) 
Time 
of 
Tsmin 
Rmin 
(oC) 
Time  
of  
Rmin  
Tsmax 
(oC) 
Time 
of 
Tsmax  
Rmax 
(oC) 
Time  
of  
Rmax  
Tsavg 
(oC) 
Ravg 
(oC) 
East Walker River 
6/19/15 19.8 11:15 0.6 19:45 24.9 17:00 1.4 13:00 23.1 1.0 
6/20/15 18.0 6:15 0.5 8:30 24.9 17:30 2.0 13:00 21.3 1.1 
6/21/15 18.0 6:15 0.5 23:30 24.4 17:30 1.5 13:45 21.2 0.9 
6/22/15 16.7 8:30 0.5 0:30 24.0 17:30 1.7 14:45 20.3 1.0 
6/23/15 17.3 8:00 0.5 8:15 21.0 0:15 1.1 9:45 18.9 0.7 
Overall 16.7 8:30 0.5 8:15 24.9 17:00 2.0 13:00 21.0 1.0 
mainstem Walker River including Wabuska Drain 
6/25/15 22.0 14:15 3.6 23:45 32.9 16:15 10.2 16:00 28.6 7.1 
6/26/15 21.0 6:30 1.6 23:00 29.9 14:15 6.5 14:15 25.0 3.8 
6/27/15 21.8 7:00 1.4 9:15 31.0 15:45 6.7 15:45 25.8 3.0 
6/28/15 21.8 8:00 1.4 9:30 26.9 16:30 3.2 16:30 24.3 2.2 
6/29/15 21.0 6:00 2.0 8:30 31.9 15:15 7.5 15:15 25.2 3.7 
6/30/15 20.0 6:45 2.4 10:00 29.5 12:30 6.3 12:30 23.1 3.5 
Overall 20.0 6:45 1.4 9:30 32.9 16:15 10.2 16:00 25.2 3.6 
mainstem Walker River excluding Wabuska Drain 
6/25/15 23.7 23:45 2.2 19:15 32.5 16:15 7.0 15:30 28.8 3.9 
6/26/15 20.0 6:30 1.2 21:00 29.9 14:15 4.5 14:00 25.1 2.5 
6/27/15 21.8 7:00 1.1 9:30 31.0 15:45 3.4 15:45 25.8 1.8 
6/28/15 21.8 8:00 1.2 9:30 26.9 16:30 3.1 15:45 24.4 2.0 
6/29/15 21.0 6:00 1.8 9:45 31.9 15:15 7.0 14:00 25.3 3.5 
6/30/15 20.0 6:45 2.3 10:00 29.5 12:30 5.7 12:30 23.1 3.4 
Overall 20.0 6:45 1.1 9:30 32.5 16:15 7.0 15:30 25.2 2.7 
 
 
Average reach temperature for 6/25/15 – 6/30/15 (Tsavg,n) in the mainstem Walker 
River was 25.2 oC, not including the Wabuska Drain segment (Table 2.2, excluding 
distance 110 – 175 m in Fig. 2.2b).  Daily maximum stream temperatures (Tsmax,d) 
occurred between 2:15 and 4:30 pm.  Daily minimum temperature range (Rmin,d) occurred 
around 9:30 am and daily maximum temperature range (Rmax,d) occurred between 2:00 to 
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3:45 pm.  In the East Walker River, maximum daily temperature (Tsmax,d) occurred about 
2 hours after maximum daily temperature range (Rmax,d).  However, in the mainstem 
Walker River, daily maximum temperature and daily maximum temperature range 
(Tsmax,d and Rmax,d) occurred at roughly the same time.  Average temperature range for 
the deployment (Ravg,n) was 2.7 oC and ranged from a minimum temperature range 
(Rmin,n) of 1.1 oC to a maximum temperature range (Rmax,n) 7.0 oC.   
When the 20 m section of the Wabuska Drain return flow canal (shown 
approximately at distance 110 – 175 m in Fig. 2.2b) was analyzed with the mainstem 
Walker River, daily minimum and maximum temperature (Tsmin,n and Tsmax,n) changed 
little.  However, maximum 15 minute temperature range for the deployment (Rmax,n) 
increased considerably from 7.0 oC to 10.2 oC and average 15 minute temperature range 
for the deployment (Ravg,n) also increased from 2.7 oC to 3.6 oC (Table 2.2, Fig. 2.2b).  
The Wabuska Drain likely receives cool groundwater inputs or hyporheic flows which 
pool in the canal without mixing with warmer water in the mainstem river (Fig. 2.2b and 
Fig. 2.4a).  This allows Wabuska Drain to buffer warm water in the mainstem during the 
day.  The cool water preserved in Wabuska Drain increases reach thermal range during 
hotter times of the day, driving observed daily maximum temperature and daily average 
temperature range (Tsmax,d and Ravg,d).   
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Figure 2.3. East Walker River temperatures during daily maximum stream temperature, 
June 21, 2015 at 5:30 pm (a) and 15 minute thermal range during DTS deployment (b).  
Model node points represent the division between 300 m model nodes.  
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The daily maximum temperature range and daily maximum temperature (Rmax,d 
and Tsmax,d) on July 29th occurred at 3:15 pm.  The coolest temperatures in the mainstem 
Walker River DTS site at this time were 24.4 oC and occurred approximately 20 m into 
Wabuska Drain (Fig. 2.4a).  Warm stream temperatures of up to 31.8 oC at this time 
occurred in the homogeneous segment in the mainstem Walker River just upstream of the 
Wabuska Drain outlet.  The mouth of Wabuska Drain also experiences more rapid 
heating and cooling from shallow conditions that respond to atmospheric conditions 
quickly.  In addition, the cooler waters from Wabuska Drain mix with the mainstem 
Walker River downstream, increasing the temperature range of the downstream segment 
as well.  Warm stream temperatures in the shallow water at the mouth of Wabuska Drain 
and in the mainstem Walker River homogenous segment upstream may act as thermal 
barriers to fish passage during the afternoon. 
In addition to the Wabuska Drain discussed above, the mainstem Walker River 
DTS site has increased channel and temperature heterogeneity from inactive, breached 
beaver dams.  On June 29th, at 3:15 pm, nearly 7 oC temperature range (Rmax,i) was 
observed at a breached beaver dam location (Fig. 2.4a).  The warmer temperatures 
occurred in an unshaded, shallow, backwater area subject to increased solar heating.  
Cooler temperatures occurred in the pool created by the dam, changing this location from 
a thermal barrier to a thermal refuge for fish.     
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Figure 2.4. Mainstem Walker River temperatures during daily maximum stream 
temperature, June 29, 2015 at 3:15 pm (a) and 15 minute thermal range during DTS 
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deployment (Wabuska Drain temperatures are not included) (b).  Model node points 
represent the division between 300 m model nodes. 
4.3 TIR Measured Stream Temperatures and Range  
TIR measured temperatures showed a general longitudinal warming trend, with 
stream temperatures increasing 9 oC from Bridgeport Dam to Weber Reservoir.  
Consistent with Elmore et al. (2015), the coolest temperature (Tsmin,j), 20.1 oC, occurred 
in the East Walker River and the hottest temperature (Tsmax,j), 29.2 oC, occurred in the 
mainstem Walker River (Table 2.3).  The average of model node temperature range 
(Ravg) was fairly consistent within the East, West, and mainstem Walker Rivers, at 
approximately 0.3 oC (Table 2.3).   
Table 2.3. Stream temperatures and thermal range by river section from July 2012 TIR 
remotely-sensed data. 
  Tsmin  (oC) 
Tsmax  
(oC) 
Tsavg  
(oC) 
Rmax  
(oC) 
Ravg  
(oC) 
East Walker River 20.1 26.5 24.7 1.1 0.3 
West Walker River 24.1 27.1 25.6 1.2 0.4 
mainstem Walker River 22.9 29.2 27.3 1.0 0.3 
 
 
Model nodes with the greatest temperature range (Rj) corresponded to locations 
with canal diversions and return flows (Fig. 2.5a).  Results at the basin-scale support DTS 
findings of increased small-scale temperature range at Wabuska Drain (River mile 48) 
(Fig. 2.5).  Model node temperature range (Rj) was greater in the East Walker River at 
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the Fox/Mickey Diversion Ditch (River mile 78) and Strosnider Diversion Ditch (River 
mile 87), and in the mainstem Walker River at the Spragg-Alcorn-Bewely Diversion 
(River mile 59) and Canal return (River mile 65), and Wabuska Drain (River mile 48) 
(Fig. 2.5).  Stream temperatures that were 1 oC cooler than the mainstem Walker River 
were also observed downstream of the Wabuska Drain, which may be from increased 
groundwater inflows consistent with valley narrowing (Watershed Sciences, 2012a).  TIR 
summary reports did not include the locations of beaver dams, although Watershed 
Sciences (2012a) notes indicate that maximum temperatures in the West Walker River, 
27.1 oC, were measured at the location of a pond.  Maximum model node temperature 
range (Rmax,j) was 1.2 oC in the West Walker River, which did not correspond to a 
diversion, canal return flow, or beaver dam, and is likely the location of a groundwater 
seep (Watershed Sciences, 2012a).   
Thermal barriers created by maximum stream temperatures also occurred in 
model nodes with canal diversions and return flows.  Maximum model node temperature 
in the East Walker River (Tsmax) of 26.5 oC (Table 2.3) occurred at the Hall Ditch 
diversion (River mile 80).  Maximum model node temperature in the ainstem Walker 
River (Tsmax) of 29.2 oC occurred in the model node just downstream of the Wabuska 
Drain return flow (River mile 48).
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Figure 2.5. Thermal range within each modeled node, Rj, (a) and summarized by river 
section (b, c, and d) from July 2012 TIR remotely-sensed data with the upstream most 
river mile on the left side of the x-axis.
29 
 
4.4 RMS Predictions vs. Measured Temperatures 
Modeled temperatures (Tmod) were greater than DTS measured maximum top of 
the hour temperatures (Tsmax,toh) for 50 % and 20 % of the DTS deployment time in the 
East Walker and mainstem Walker Rivers, respectively.  Conversely, the model under 
predicted temperatures 29 % and 10 % of DTS deployment time in the East Walker and 
mainstem Walker Rivers, respectively.  Temperatures measured in Wabuska Drain were 
excluded from this analysis because the model estimated temperatures in the main 
channel only.  RMSE for the DTS deployment length was 1.1 oC in the East Walker 
River and 1.7 oC in the mainstem Walker River (Table 2.4).  Interestingly, the model over 
predicted temperatures in the East Walker River with a bias of 0.2 oC for the deployment 
period, but under predicted at the mainstem Walker River with a bias of -0.4 oC for the 
deployment period (Table 2.4).   
Table 2.4. RMSE, MAE, mean bias, and percent of modeled dataset outside of measured 
values (Ts) for the East, West, and mainstem Walker Rivers between modeled and top of 
the hour DTS and TIR stream temperatures. 
 RMSE  
(oC) 
MAE  
(oC) 
Bias  
(oC) 
Tmod > Tsmax 
(%) 
Tmod < Tsmin 
(%) 
n 
(hrs) 
East Walker River DTS 1.1 0.9 0.2 50 29 94 
mainstem Walker River DTS 1.7 1.3 -0.4 20 10 118 
East Walker River TIR 0.8 0.6 -0.5 9 74 2 
West Walker River TIR 0.9 0.8 -0.8 0 95 1 
mainstem Walker River TIR 3.4 2.7 -2.5 8 87 3 
Walker River Overall TIR 1.9 1.2 -1.1 7 83 6 
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Modeled temperatures (Tmod) were less than TIR measured minimum model node 
temperatures (Tsmin,j) for 74%, 95%, and 87% of 2012 July Walker River survey extent in 
the East Walker, West Walker, and mainstem Walker Rivers, respectively (Table 2.4).  In 
addition, modeled temperatures (Tmod) were greater than the TIR measured maximum 
model node temperatures (Tsmax,j) for 9%, 0%, and 8% of 2012 July Walker River survey 
extent in the East Walker, West Walker, and mainstem Walker Rivers, respectively.  
RMSE and bias were both <1 oC for the East and West Walker Rivers; however, RMSE 
in the mainstem Walker River was 3.4 oC and bias was -2.5 oC (Table 2.4).   
Thermal variability measured as temperature range varied at spatial scales smaller 
than the 300 m model nodes used in RMS.  The model did not capture maximum and 
minimum temperatures within model nodes, especially for mainstem Walker River 
temperatures, measured by both DTS and TIR (Fig. 2.6).   
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Figure 2.6. DTS Tsmin,toh and Tsmax,toh compared to Tmod in the East Walker River (a) and 
mainstem Walker River (b) DTS sites (Wabuska Drain temperatures are not included as 
they were not modeled).  July 2012 TIR Tsmin,i and Tsmax,i compared to Tmod for East 
Walker (c), West Walker (d), and mainstem Walker (e) Rivers. The upstream end of 
Weber Reservoir is at river mile 30.  The upstream most river mile is on the left side of 
the x-axis. 
D 
       
E 
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5  Discussion and Major Findings 
5.1 Limitations  
Obtaining small-scale spatial and temporal thermal data and comparing it to 
model results has a number of limitations.  A vertically mixed water column was 
assumed when analyzing DTS, TIR, and modeled stream temperature data, consistent 
with advection-dominated streams.  DTS data quality can be impacted by instrument drift 
during multi-day deployments  and drift can be as large as 1-2 oC due to changes in fiber 
attenuation from stress on the cable and rapid fluctuations in internal DTS temperature 
(Tyler et al., 2009).     
Field crews monitored DTS cables daily and it was assumed that the DTS cable 
did not move during deployments.  Deployments used leashes to hold the cable in place 
and minimize cable stress as much as possible; however, evidence of minimal cable stress 
was observed  from different temperatures of the two DTS channels (Table A.1).  In 
addition, solar heating of the DTS cable was assumed to be negligible because the cable 
was silver coated to reflect solar radiation (Tyler et al., 2009) and solar heating of DTS 
cables can be assumed negligible in advection-dominated, high velocity, and turbid rivers 
(Neilson et al., 2010), such as the Walker River.  Low RMSE with iButton data checks 
supports this assumption.   
Surface water temperatures were assumed to be the same as water column 
temperatures during TIR data collection; however, the skin of the water surface can be a 
different temperature than the water column, potentially creating a source of error in TIR 
data (Torgersen et al., 2001).  An inverted thermocline can be caused by evaporation, 
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leading to surface temperatures that are cooler than the average water column 
temperature by as much as 0.5 oC (Dugdale, 2016).  TIR imagery in can have a difference 
of 0.5 oC in the calculated radiant stream surface temperatures within the same image or 
between consecutive images from surface roughness and emissivity, slight changes in 
viewing aspect, and variable background temperatures (e.g. sky versus trees) (Watershed 
Sciences, 2012a).  TIR measured temperatures can be underestimated by reduced 
emissivity from turbidity (Dugdale, 2016).  Surface water temperatures can also be biased 
by 0.1 oC to 0.6 oC due to reflections of objects on the bank, such as trees (Dugdale, 
2016).   
TIR imagery provides data for a snapshot in time and thermal conditions vary 
through time.  Furthermore, the length of time to collect TIR imagery can impact the 
quality of data because stream temperatures change during the course of the survey 
(Dugdale, 2016).  Aircraft type, flight speed and wind gusts can also cause camera 
vibrations, impacting image quality (Dugdale, 2016).  Flight speed and altitude impact 
the pixel resolution, which determines how accurately spatial heterogeneity in stream 
temperatures is represented (Dugdale, 2016).  It is possible that the pixel resolution of 0.6 
m used in the Walker River surveys (Watershed Sciences, 2012a) did not capture the full 
range of thermal heterogeneity.       
5.2 One-Dimensional Model Results Interpretation 
DTS and TIR measurements both indicated the RMS modeled temperatures were 
not always within measured temperatures.  However, the mainstem Walker River TIR is 
the only dataset with a measured stream temperature vs. modeled stream temperature 
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RMSE value that exceeded the RMS model calibration RMSE.  Model bias for the East 
Walker River indicated the model over predicted stream temperature by 0.2 oC in a 300 m 
reach sampled for five days with DTS and under predicted by 0.5 oC for a 77 km extent 
sampled over 2 hours with TIR.  RMSE for the DTS dataset in the East Walker River was 
1.1 oC, which is within the reach average RMS model stream temperature calibration 
RMSE for the 2015 irrigation season in the East Walker River of 2.1 oC (Mouzon, 2016).  
RMSE for the TIR dataset in the East Walker River was 0.8 oC, which is within the 2.01 
oC RMS model calibration RMSE for the 2012 irrigation season in the East Walker River 
(Elmore et al. 2015).  The model under predicted stream temperatures by 0.4 oC from 
DTS measured top of the hour average stream temperature (Tsavg,toh) and under predicted 
stream temperatures by 2.5 oC from TIR measured average model node temperature 
(Tsavg,j) in the mainstem Walker River.  RMSE for the mainsteam Walker River DTS 
measured stream temperatures of 1.7 oC was within the 1.8 oC mainsteam Walker River 
RMS model calibration RMSE for the 2015 irrigation season (Mouzon, 2016).  However, 
the mainsteam Walker River TIR measured stream temperature RMSE of 3.4 oC 
exceeded the 2.53 oC reach average RMS model calibration RMSE for the 2012 irrigation 
season (Elmore et al. 2015). 
This is the first study using both DTS and TIR to quantify small-scale temperature 
range within nodes of a one-dimensional stream temperature model.  As discussed above, 
the one-dimensional RMS model did not capture the full range of stream temperatures 
measured at finer spatial resolution, which also applies to many of the one-dimensional 
models used in mangement (see Introduction).  Using both DTS and TIR to compare 
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stream temperature measurements to model predictions helps to bound spatial 
temperature range and can be applied in other watersheds in the American West to 
identify habitat features that are important for small-scale thermal range and restoration 
management.  This research uses the Walker River to demonstrate how an increased 
understanding of the temperature range present within model nodes can be used to 
interpret model results, supplying vital information for restoration decision makers.  
5.3 Walker River Habitat Implications 
Warm stream temperatures and low flows threaten native salmonids and other fish 
species in the Walker River.  This research measures small-scale thermal variability, or 
range of stream temperatures, that is unquantified and underrepresented in existing basin-
scale modeling.  Maximum DTS measured stream temperatures in the mainstem Walker 
River, Tsmax,n, were 4.5 oC above the acute temperature threshold for LCT (>28 oC); 
however, the Wabuska Drain provided an area of cold water refuge, holding a pocket of 
shaded, cold water.  The East Walker River did not exceed the acute temperature 
threshold for LCT and had less variable stream temperatures because of its location 
downstream of a bottom release reservoir.   
The greatest temperature range at Walker River DTS sites occurred in the early 
afternoon and at locations associated with canal diversions, return flows, beaver activity, 
and backwater eddies.  Beaver dams created greater spatial and temporal thermal range, 
consistent with findings from Majerova et al. (2015) and Weber et al. (2017).  15-minute 
temperature range (Ri) of 7 oC was observed in an area of beaver activity in the mainstem 
Walker River.  In addition, the Wabuska Drain segment increased maximum temperature 
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range for the DTS deployment (Rmax,n) by 3.1 oC and (Ravg,n) by 0.8 oC in the mainstem 
Walker River.  Lopes and Allander (2009) found local stream flow gains near the 
Wabuska gage, hypothesizing they originated from groundwater inputs to Wabuska 
Drain.  However, shallow subsurface water, or interflow, contributions to Wabuska Drain 
may not occur during the entire year, particularly late in summer as groundwater levels 
decline in Mason Valley from May to October with and increased groundwater pumping 
from drought conditions (Naranjo and Smith, 2016).  Cristea and Burges (2009) observed 
2 - 3 oC temperature range due to cold water seeps or channel braiding, which is 
comparable to the 1 – 2 oC temperature range observed in the East Walker River using 
DTS and TIR imagery.  Overall, return flow channels and beaver dams likely create 
thermal refugia, improving connectivity between Walker Lake and River for migratory 
species. 
EWPs, the primary restoration action in the Walker River Basin, can effectively 
reduce daily maximum temperatures during periods of low flow by increasing thermal 
mass (Elmore et al. 2015; Null et al. 2017), helping to mitigate thermal barriers.  EWPs 
may be most beneficial for stream temperatures in mid to late afternoon, the time when 
maximum temperatures occur in the mainstem and East Walker Rivers.  My results show 
that specific river features like diversions, return flows, beaver dams, and large eddies 
provide thermal refugia, and that those cold-water refuges were unidentified with 
watershed-scale modeling.  Augmenting EWPs with secondary restoration efforts at canal 
return flows and beaver dams can preserve cold water refugia observed in both DTS and 
TIR datasets.  Enhancing cold-water refugia can allow salmonid populations to persist in 
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locations where stream temperatures exceed their published thermal tolerance limits 
(Sutton et al., 2007).  However, salmonid usage of thermal refugia may vary temporally 
as availability of refugia varies and salmonid need for refugia can also vary temporally 
(Dugdale et al. 2013).   
Secondary restoration efforts should focus on thermal barriers and cold water 
refugia locations to increase access to and enhance cold water refugia and mitigate 
maximum stream temperatures in the Walker River.  Results identified warm water 
segments that may act as thermal barriers in shallow, unshaded reaches located at the 
mouth of irrigation diversions and return flow outlets, stagnant edges of beaver dam 
pools, and in homogenous habitat segments.  While warm water barriers were found at 
the shallow mouth of the Wabuska Drain, cold water refugia were found 20 m into the 
Wabuska Drain.  Cold water refugia were found in locations with pockets of cold water 
in the deep pools in areas of beaver activity, return flow outlets, and backwater eddies.   
Different secondary restoration alternatives may be needed at different locations.  
DTS measured daily maximum stream temperature (Tsmax,d) and daily maximum 
temperature range (Rmax,d) occurred at the same time in the mainstem Walker River, 
creating the opportunity for secondary restoration actions to enhance and preserve cold 
waters present to provide refugia when maximum temperatures occur.  Promising 
secondary restoration efforts, such as vegetation restoration to increase riparian shade, 
can enhance cold water refugia during the hottest times and augment the cooling impact 
of EWPs on the mainstem Walker River.  Vegetation restoration to increase riparian 
shade could also help mitigate thermal barriers to refugia at irrigation diversions and 
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return flow outlets and stagnant edges of beaver dam pools.  However, creating channel 
complexity to increase thermal variability may be a more appropriate restoration 
alterative for mitigation of thermal barriers in straight, homogenous segments, such as 
those identified in the East Walker River.  Increasing the occurrence of beaver dams 
through beaver reintroduction or beaver dam analogs to increase channel complexity and 
thermal variability for salmonid habitat (Bouwes et al., 2016; Kemp et al., 2012; Weber 
et al., 2017) is a promising option for the Walker River Basin.  Additional instream 
structures such as large wood can help create channel complexity and thermal variability.  
Interactions between climate, management actions, and surface water and 
groundwater are complex in the Walker River Basin (Niswonger et al. 2014).  The 
Walker River basin generally gains water during wet years and loses flow during dry 
years; however, the mainstem Walker River is almost always a losing reach (Carroll et 
al., 2010).  Agricultural flood irrigation replenishes groundwater levels during the 
summer months (Carroll et al., 2010; Lopes and Allander, 2009).  During summer 2015 
irrigation needs were met with a combination of surface and ground water, and 
infiltration of irrigation water and shallow subsurface flow may explain the standing 
water and cooler temperatures still observed in the Wabuska Drain without active 
irrigation return flow.  Water conservation through the implementation of more efficient 
irrigation methods may reduce groundwater recharge, and its potential thermal benefits, 
seen in the Wabuska Drain and other gaining reaches.   
Stream restoration that maximizes cold water refugia can buffer warm stream 
temperatures to increase habitat quality for native fishes.  Understanding small-scale 
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temperature range helped to identify locations with thermal refugia and thermal barriers 
to migration and interpret watershed-scale model results in a restoration context.  Results 
identified two habitat features, beaver dams and return flow channels, that maximize 
thermal range and may mitigate warming temperatures from climate change.  Restoration 
should maintain and enhance these features, although different restoration approaches 
may be needed at different locations.  This research may provide management guidance 
for other semi-arid watersheds with gaining reaches, like the Wabuska Drain, that are due 
in part to agriculture irrigation that replenishes groundwater levels during the summer 
months (Carroll et al., 2010; Lopes and Allander, 2009).  Managing restoration actions to 
prioritize thermal refugia and minimize thermal barriers can help to provide suitable 
stream temperatures for salmonids by enhancing river connectivity.   
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 CHAPTER III  
STREAM TEMPERATURE RESPONSE TO RIPARIAN RESTORATION 
AND WILDFIRE FOR FUTURE CLIMATE CONDITIONS 
IN MEADOW CREEK, OREGON 
1   Introduction 
Climate change is anticipated to increase stream temperatures, raising concerns 
about the long-term effectiveness and justification of riparian restoration investments.  
Stream temperatures are important to aquatic ecosystem health and the distribution of 
aquatic species (Caissie, 2006), such as cold-water salmonids.  Stream temperatures, 
which impact the metabolic rates, physiology, population structure, and productivity of 
aquatic species (Kitchell et al. 1977), are projected to experience a 1-3 °C average 
increase in maximum and minimum weekly stream temperatures across the United States 
under a twofold increase in CO2 climate change scenario (Mohseni et. al 1999).  Null et 
al. (2012) assessed climate warming impacts on stream temperatures in California’s west-
slope Sierra Nevada watersheds and found an average stream temperature increase of 1.6 
°C for each 2 °C rise in air temperature.  In addition, flow regimes are projected to 
experience substantial shifts in response to altered weather patterns, precipitation, and 
evapotranspiration from climate change (van Vliet et al., 2011).  Baseflow is anticipated 
to decrease (Bond et al. 2015) and precipitation falling as rainfall instead of snowfall is 
expected to shift spring runoff timing from spring to winter (Adam et al. 2009; Null and 
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Viers 2013), exacerbating stream temperature warming with climate change.  Warming 
stream temperatures may reduce cold-water habitat for salmonids (Ficklin et al., 2014). 
Euro-American settlement in the Columbia River Basin, which dramatically 
impacted riparian vegetation and channel conditions, has degraded salmonid habitat 
(Wondzell et. al 2007).  Revegetation can be a useful restoration tool to mitigate for 
warming stream conditions due to climate change.  For example, (Bond et. al 2015) used 
a Heat Source model in the North Fork Salmon River to simulate increased air 
temperatures and decreased flow conditions.  They found that warming stream 
temperatures could be mitigated by both full and partial restoration of vegetation, but full 
restoration only reduced half of the predicted stream temperature warming under the most 
severe flow reduction and warming scenarios, reducing peak summer temperatures by 
0.26 oC (Bond et. al 2015).  In addition, a DTS validated Heat Source model 
demonstrated a 1.2 °C decrease in stream temperature if a mature riparian forest covered 
the entire 1260 m model reach of the Boiron de Morges River in Switzerland for current 
climate conditions (Roth et al., 2010).  Greater reductions in peak summer temperatures 
of about 3.8 oC from riparian restoration were simulated with Heat Source in the upper 
John Day River (Butcher et al., 2010).   
Wildfire extent and severity may change with future climate changes, warming 
stream temperatures through increased atmospheric heating when riparian vegetation is 
reduced or eliminated (Guyette et al., 2014; Holsinger et al., 2014; Isaak et al., 2010).  
Isaak et al. (2010) found that stream temperature increases within wildfire perimeters 
(measured from 1993 to 2006) were 2-3 times the basin average increases in central 
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Idaho.  Northeast Oregon is estimated to experience a 40-60% increase in the probability 
of fire occurrence in 2100 (Guyette et al., 2014).   
Significant resources have been invested in Meadow Creek to restore habitat for 
imperiled salmonids by adding large wood and boulders at over 30 sites to create pools 
and increase channel complexity (Platz, 2015).  Riparian revegetation restoration efforts 
planted over 40,000 native shrubs and trees to stabilize banks and maintain cold stream 
temperatures during summer low-flow periods (Platz, 2015).  Potential stream 
temperature increases from climate change bring up serious concerns about the long-term 
effectiveness of restoration efforts.   
Stream temperatures are important for migratory cold water fish species, so 
temperatures have been a research focus in the Columbia River Basin (Ficklin et al., 
2014; Watershed Sciences, 2012b).  Snowpack is expected to decrease with climate 
change, reducing the buffering effect of snowmelt on stream temperatures in the 
snowmelt-dominated Columbia River Basin (Ficklin et al., 2014).  Ficklin et al. (2014) 
projected average late 21st century stream temperature increases of 3.7 oC for spring, 5.3 
oC for summer, 3.2 oC for fall, and 2.1 oC for winter in the Blue Mountains region of the 
Columbia River Basin, but did not evaluate any potential impacts due to changes in 
vegetation.  
The Columbia River Inter-Tribal Fish Commission (CRITFC) simulated 
vegetation restoration scenarios with a Heat Source model in the Upper Grande Ronde 
River Basin for July - September 2010 (Watershed Sciences, 2012b).  This basin-scale 
model includes all current and historical Chinook salmon habitat in the Upper Grande 
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Ronde River.  Results indicate that restoration of the entire length of Meadow Creek to 
full potential natural vegetation could be one of the most significant ways to reduce 
stream temperatures throughout the Upper Grand Ronde River (Watershed Sciences, 
2012b).  The same model evaluated the impacts of riparian vegetation and channel 
narrowing restoration scenarios on peak summer stream temperatures and Chinook 
salmon populations using historical and late 21st century climate conditions in the Upper 
Grande Ronde River and Catherine Creek basins (Justice et al., 2017).  Basin wide 
riparian vegetation and channel width restoration reduced peak summer water 
temperatures by about 3.5 oC in the Upper Grande Ronde Basin, resulting in a 590% 
increase of Chinook salmon parr abundance (Justice et al., 2017). 
Stream temperature models are typically developed only for summer months 
(Bond et al. 2015; Roth et al. 2010; Watershed Sciences 2012), but my research simulates 
over two years, WY 2015 – April of WY 2017, thereby evaluating both magnitude and 
timing changes in stream temperatures.  The objective of this research is to simulate 
stream temperature response to riparian restoration and wildfire for current and future 
climate conditions using the Heat Source model. This approach integrates climate, 
hydrology, fisheries, and vegetation, which is critical to manage and maintain cold-water 
salmonid habitat with uncertain future climate conditions.   
2  Study Site 
Meadow Creek is a tributary to the Grande Ronde River in the Columbia River 
Basin.  It is located approximately 50 km southwest of La Grande, OR in the Blue 
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Mountains.  The model reach is 12 km of Meadow Creek that is located within U.S. 
Forest Service’s Starkey Experimental Forest and Range (hereafter Starkey).  Meadow 
Creek has a low gradient of 1-2%.  Tributaries entering Meadow Creek in the modeled 
reach include Cougar Creek and Ray Creek (Fig. 3.1).  Smith Creek enters Meadow 
Creek upstream of the modeled reach.   
Meadow Creek supports spawning populations of juvenile and adult summer 
steelhead trout (Oncorhynchus mykiss) and juvenile populations of spring Chinook 
salmon (Oncorhynchus tshawytscha).  The U.S. Endangered Species Act lists both 
species as threatened (NOAA 1992, 2009).  The upper limit of preferred maximum 7 day 
average of the daily maximum temperature range for salmonid juvenile rearing is 18 oC 
(EPA, 2003), which is equivalent to the 18 oC   temperature standard established by 
Oregon’s Administrative Rules (OAR-340-041-0028) for salmonid rearing in Oregon 
(Oregon DEQ, 2004).  The Upper Grande Ronde Total Maximum Daily Load (TMDL) 
suggests riparian vegetation and channel width restoration to meet the surface water 
temperatures established for the beneficial use of salmonid rearing (Oregon DEQ, 2004).  
In addition, the Upper Grande Ronde TMDL lists the incipient lethal limit, the 
temperatures at which salmonid mortality occurs due to breakdown in respiration and 
circulation processes, as 21 oC to 25 oC.  The sub - lethal limit, or temperatures that 
decrease metabolic energy for growth, feeding, and reproduction, are listed as 20 oC to 23 
oC (Oregon DEQ, 2000). 
Vegetation in the model reach currently consists of open forest, dry meadow, and 
wet meadow major vegetation types (Averett et al. 2017; Wells et al. 2015).  Wells et al. 
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(2015) cite livestock grazing as the source of vegetation disturbance along Meadow 
Creek.  Vegetation heights range from grasses at 0.1 m to the maximum light detection 
and ranging (LiDAR) measured tree height of 47 m in an undisturbed section of conifer 
forest (Watershed Sciences, 2009).  In 2013 over 40,000 native shrub and tree bare root 
seedlings and cuttings were planted (Platz, 2015).  Revegetation restoration occurred at 
river kilometers (rkm) 11.05 – 9.95, 9.45 – 8.1, 7.8 – 1.3, and 0.55 to 0.45 (Fig. 3.1).  
 
 
Figure 3.1. Meadow Creek field sampling sites.  Flow gage is maintained by the Oregon 
Water Resources Department (OWRD).  Elevation is shown inside of Starkey 
boundaries. 
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3 Methods 
Heat Source, a process-based stream thermodynamics and hydrology model, 
simulated water temperatures for Meadow Creek within Starkey.  Heat Source was 
developed in 1996 and is maintained by the Oregon Department of Environmental 
Quality.  The model has been applied throughout the Pacific Northwest (Boyd and 
Kasper, 2003; Butcher et al., 2010; Oregon DEQ, 2000; Watershed Sciences, 2012b).  
Heat Source uses a finite-difference algorithm and hydrology, topography, climate, and 
riparian vegetation conditions to calculate the stream’s heat budget at hourly intervals 
with user defined modeling spatial and temporal steps.  Heat Source uses flow boundary 
conditions and channel geometry to calculate average velocity, wetted top width, and 
average wetted depth for each finite element.  Heat Source calculates the potential solar 
radiation received at the surface of the earth using atmospheric conditions, including a 
cloudiness index, and the position of the sun, which is calculated from latitude, date, and 
time.  Heat Source then uses topographic elevation, tree height, and canopy density to 
calculate the amount of potential solar radiation that is blocked from reaching the stream.  
Heat Source interfaces with TTools, a set of automated GIS sampling tools, to obtain 
vegetation cover and topographical inputs from high-resolution LiDAR and TIR survey 
data, when available (Boyd and Kasper, 2003).   
3.1 Heat Source Model Development and Geometry 
The existing Upper Grande Ronde River Heat Source model developed by 
CRITFC included 30.9 rkm of Meadow Creek simulated for July 10 to September 20, 
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2010 (Justice et al., 2017; Watershed Sciences, 2012b).  The existing CRITFC model was 
calibrated using 2009 TIR data  and used 100 m modeling spatial resolution and a 1 
minute modeling time step (Justice et al., 2017; Watershed Sciences, 2012b).  In the 
existing CRITFC model elevation, gradient, wetted width, topography, canopy height, 
density, and shade angle were sampled every 50 m longitudinally using TTools and 
September 2009 1 m LiDAR (Watershed Sciences 2009, 2012b).  At each 50 m 
longitudinal sampling location, 5 radial transects were sampled consisting of 4 samples 
that are 15 m apart.  Watershed Sciences (2012b) obtained wetted width from left bank 
and right bank wetted edges digitized from September 2009 1 m LiDAR survey 
(Watershed Sciences 2009).  Channel bottom widths were calculated from wetted widths 
using a channel side slope of ¼ (Watershed Sciences, 2012b).  Watershed Sciences 
(2012b) assumed a canopy density of 75% for LiDAR data to represent conifers. 
This effort improves the existing CRITFC Upper Grande Ronde River Heat 
Source model by re-calibrating and modeling year-round stream temperature change from 
vegetation restoration and wildfire in Meadow Creek with current and future climate 
change conditions.  Dry (2015 and 2016) and wet (2017) water years were modeled at 
100 m, hourly intervals using a 1 minute modeling time step.  A water year was 
considered dry if the total annual precipitation measured at the County Line SNOTEL 
site was below the average water year precipitation for the period 1981 – 2016.  The 
existing CRITFC Upper Grande Ronde River Heat Source model was clipped for the 12.0 
rkm of Meadow Creek within Starkey.  Cougar Creek was the only tributary inflow 
included in the model as a boundary inflow because the Smith Creek confluence is 
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outside of Starkey and Ray Creek is ephemeral.  Stream temperature loggers upstream 
and downstream of the Ray Creek confluence confirmed this tributary had negligible 
influence on mainstem Meadow Creek temperatures.  I used the elevation, gradient, 
channel bottom width, topography, and canopy height from the existing CRITFC model 
TTools outputs (Watershed Sciences, 2012b).  I also kept the modeling time and spatial 
step consistant with the existing CRITFC model (Watershed Sciences, 2012b).  Land 
cover density for LiDAR data was set to 75% (Boyd and Kasper, 2003; Watershed 
Sciences, 2012b).  
Heat Source assumes a trapezoidal channel, with consistent channel geometry 
above and below bankful depths.  Heat Source defines channel side slope is angle (Z) as 
1/slope.  The existing CRITFC model used a value of 0.25 for channel side slope angle 
and Manning’s n that ranged from 0.18 to 0.63.  My model used the channel bottom 
widths from the existing CRITFC model and I corrected Z from ¼ to 4.  This channel 
side slope and channel bottom width fit within the range of measured Z values from 
August 2016 cross sections.  Manning’s n roughness coefficient was estimated as 0.15, 
the maximum value for very weedy reaches, deep pools, or floodways with heavy stands 
of timber and underbrush for minor streams having a top width < 100 ft at flood stage 
(Chow et al. 1959).  Channel geometry changes allowed for a model that was usable 
throughout the year at a range of flows and a Manning’s n value that is more 
representative of Meadow Creek.     
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3.2 Streamflow Data 
The snowmelt-dominated Grande Ronde River experiences low stream flows 
during late summer months (Kelly and White, 2016).  15 minute flow data was obtained 
at Meadow Creek above Bear Creek near Starkey (gage 13318060) provided by the 
OWRD.  This flow gage is located near the downstream boundary of the model reach at 
rkm 1.5 and data is available throughout the study period.  Model runs used average 
hourly flow data (Fig. A.5).  In addition, monthly flow measurements were collected May 
2016 to August 2016 at the model reach upstream boundary, tributaries, calibration 
points, and the downstream model boundary (Fig. 3.1) using a Hach FH950.1 Handheld 
Flow Meter (accuracy of 0.015 m/s for a range of 0 to 6.09 m/s) and the USGS current-
meter method (Buchanan and Somers, 1969).  Magnitude and distribution of flows within 
the model reach aided model development and calibration.  Cougar Creek flow was 
assumed to be 7% of gage flow based on field measurements, and upstream boundary 
condition flow was assumed to be 93% of gage flow to maintain flow balance (Fig. A.7).   
Heat Source states a required minimum flow 0.007 cms, and hourly flows were increased 
to 0.01 cms for 33.7% of the entire modeling time period (7678 hours of the total 22763 
hours). 
3.3 Stream Temperature Data 
Onset Hobo Water Temp Pro V2 temperature loggers with a resolution of 0.02oC 
at 25 oC (operation range of -40 oC to 70 oC) measured hourly stream temperatures at 
model boundaries, tributary outlets, and calibration points for a total of 9 temperature 
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monitoring locations throughout the study reach (Fig. 3.1).  Sampling was conducted 
October 2014 to April 2017 for initiation, calibration, and validation of the current 
conditions Heat Source model.  Stream temperature boundary conditions are provided in 
Fig. A.3.  Upstream boundary condition temperatures were equal to or greater than 0 oC 
to eliminate model freezing.  Upstream boundary logger was missing data from March 1, 
2016 to May 21, 2016 due to logger damage from ice.  A correlation was developed with 
available data from August 14, 2014 to October 8, 2016 between the logger upstream of 
Smith Creek confluence and the boundary condition logger to estimate the missing data.  
The residuals between measured stream temperatures at the upstream boundary condition 
and the upstream of Smith Creek logger were small (Fig. A.4). 
3.4 Weather Data 
Weather data was measured from July 2015 to April 2017 with Decagon Devices 
EM50 meteorological stations at a shaded and full sun location (Fig. 3.1).  These stations 
measured hourly air temperature, relative humidity, wind speed, and solar radiation using 
a VP3 Temperature/RH Sensor, Davis Cup Anemometer, and PYR Solar Radiation 
Sensor, respectively.  Air temperature, relative humidity (RH), and windspeed data from 
the full sun location were used for model inputs (Fig. A.6).   
Model cloudiness ranged from 0 (no clouds) to 1 (complete cloud cover).  
Because Heat Source calculates solar radiation  the measured solar radiation at the full 
sun station was used to estimate the hourly cloudiness index model input.  Cloudiness 
index was estimated by comparing measured solar radiation data and model calculated 
solar radiation directly above the stream at rkm 1.6 (location of the full sun eKo met 
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station).  The model was run for each water year varying cloudiness by increments of 0.1.  
Each hourly measurement was assigned the lower of the two cloudiness index calculated 
solar radiation values that the hourly measurement fell between.  This method resulted in 
a cloudiness index of 0 at night when there is no solar radiation and for any time when 
measured solar radiation was greater than the maximum calculated solar radiation 
(cloudiness index of 0).   
Air temperatures were set equal to or greater than -3 oC to prevent water freezing 
in the model.  Hourly LaGrande airport data from October 1, 2014 to July 15, 2015 filled 
weather data gaps prior to the start of met station data collection on July 15, 2015.  A 
linear correlation was developed between 2016 full sun met station data and LaGrande 
airport weather data (R2 values of 0.7, 0.4, and 0.01, for air temperature, RH, and wind 
speed, respectively) to estimate the missing 2015 data.   
3.5 Heat Source Model Calibration/Validation 
Root mean square error (RMSE), mean absolute error (MAE), mean error (ME) 
and Nash-Sutcliffe Efficiency (NSE) between measured and modeled stream temperature 
evaluated model fit yearly and seasonally.  Winter is defined as the months of December, 
January, and February; Spring is March, April, and May; Summer is June, July, and 
August; and Fall is September, October, and November.  The calibration period was WY 
2016 and October to April 2017.  The model validation period was WY 2015.  Seven 
stream temperature sensors were compared with modeled stream temperatures in WY 
2016, while 4 sensors evaluated model performance for WY 2015 and WY 2017 due to 
equipment availability and sensors loss during WY 2017 spring high flows.  RMSE, 
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MAE, ME, and NSE also evaluated model fit between measured hourly flow at OWRD 
gage (rkm 1.5) and simulated flow at rkm 1.5.  I validated model simulated flow, wetted 
width, velocity, and average depth outputs in the hydraulics tab in Heat Source with 
summer 2016 field measurements. 
Parameter values and their sources are presented in Table 3.1.  Sediment thermal 
diffusivity and conductivity were the average value for sediment materials provided in 
Heat Source from Sinokrot and Stefan (1993) and porosity was the upper end of the range 
for gravel substrate (Freeze and Cherry, 1979) because Meadow Creek substrate is a 
mixture of gravel and cobble.  I estimated deep alluvium temperature as 10 oC; this is 
comparable to groundwater temperatures measured at the inflow of spring fed Ray Creek 
in 2016.  Evaporation coefficients a and b from Dunne and Leopold (1978) were selected; 
however, the model is sensitive to this parameter.  Sediment thickness/depth of hyporheic 
exchange and hyporheic exchange flow percent were adjusted to minimize RMSE, MAE, 
ME, and NSE at stream temperature monitoring sites.  
3.6  Model Alternatives 
Forty five model alterantives examined the effects of climate and riparian 
vegetation change on stream temperature (3 WYs * 5 vegetation scenarios * 3 climate 
scenatios).  I ran climate change scenarios for all modeled WYs to asses climate change 
impacts if no vegetation changes occur before combining revegetation and wildfire 
scenarios with climate change scenarios (Table 3.2). 
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Table 3.1. Parameters used in the Meadow Creek Heat Source model.  Minimum and 
maximum measured values are shown for WY 2016. 
Parameter Description Value Reference 
RH (%) Relative humidity 0 - 100 Measured 
Tair oC Air temperature -3.0 - 33.7 Measured 
C (%) Cloudiness  0 - 100 Measured 
νwind (m/s) Wind speed 0.0 - 3.0 Measured 
Ts oC 
Inflow water temperature, 
Meadow Creek  0.0 - 26.8 Measured 
Q (cms) Flow, Meadow Creek 0.02 - 6.2 Measured 
Ts oC 
Inflow water temperature, 
Cougar Creek  0.0 - 19.6 Measured 
Q (cms) Flow, Cougar Creek 
0.002 - 
0.5 Measured 
TDA (oC) Deep Alluvium Temperature 10.0 Estimated 
Z (unitless) Channel side slope  4 Estimated 
dhyp (m) 
Thickness of hyporheic 
exchange zone 0.25 - 0.4 Calibrated 
Hyp exch (%) Hyporheic exchange 2.0 - 4.0  Calibrated 
a (unitless) Evaporation coefficient a 1.51E-09 Dunne and Leopold (1978) 
b (unitless) Evaporation coefficient b 1.6E-09 Dunne and Leopold (1978) 
Wb (m) Channel bottom width 
0.41 - 
4.71 Watershed Sciences (2012b) 
η (unitless) Porosity 0.4 Freeze and Cherry (1979) 
Ksed (Wm-1 oC-1) 
Sediment thermal 
conductivity 1.57 Sinokrot and Stefan (1993) 
кsed (cm2sec-1) Sediment thermal diffusivity 0.0064 Sinokrot and Stefan (1993) 
ρcanopy (%) Canopy density 75 Watershed Sciences (2012b) 
n (unitless) 
Manning's roughness 
coefficient 0.15 Chow et al. (1959) 
TTools Data 
Elevation, gradient, latitude, 
longitude, tree height TTools Watershed Sciences (2012b) 
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Table 3.2. Climate and vegetation condition model alternatives for each modeled WY. 
Climate Condition Vegetation Condition 
Current Climate Current 
Mean Climate Change Current 
Max Climate Change Current 
  
Current Climate Wildfire 
Mean Climate Change Wildfire 
Max Climate Change Wildfire 
  
Current Climate Shrub Stand 
Mean Climate Change Shrub Stand 
Max Climate Change Shrub Stand 
  
Current Climate Small Mixed Stand 
Mean Climate Change Small Mixed Stand 
Max Climate Change Small Mixed Stand 
  
Current Climate Large Mixed Stand 
Mean Climate Change Large Mixed Stand 
Max Climate Change Large Mixed Stand 
 
 
The maximum 7-day running average of the daily maximum temperature (oC), or 
7DADM, evaluated stream temperature change for model alternatives.  7DADM is a 
biologically significant metric that is used in the OARs (Oregon DEQ, 2004), the Upper 
Grande Ronde River TMDL (Oregon DEQ, 2000), and the EPA guidelines for the Pacific 
Northwest (EPA, 2003).  The warmest reach, or the reach maximum of the maximum 
7DADM, was compared between scenarios.  The warmest reach in each alternative may 
not always occur at the same location throughout the modeling reach.  The range in 
maximum 7DADM through the model reach was also calculated by subtracting the reach 
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minimum of the yearly maximum 7DADM from the reach maximum of the yearly 
maximum 7DADM.   
The number of days per year with 7DADM temperatures exceeding the 13.0 oC 
spawning standard, 18.0 oC rearing threshold, 21 oC adult stress threshold, and 25 oC 
adult lethal threshold for salmonids (Oregon DEQ, 2000) was also calculated.  Yearly 
maximum 7DADM and number and timing of days with 7DADM exceeding stream 
temperature thresholds was assessed for each alternative at rkm 1.3, the location of the 
downstream end of the longest revegetation restoration segment (rkm 7.8 to 1.3).   
3.6.1 Climate Change Data and Assumptions  
Climate change scenarios used air temperature and streamflow data from the 
Coupled Model Intercomparison Project's Phase 5 (CMIP5) multi-model Radiative 
Concentration Pathway (RCP) 8.5 scenario ensemble (U.S. Bureau of Reclamation, 2013, 
2014).  RCP 8.5 was chosen because it represents a no reduction emissions scenario (van 
Vuuren et al., 2011), similar to the high end emissions scenario used in the A1B CMIP3 
projections (Justice et al., 2017).  CMIP5 RCP 8.5 was chosen in place of the CMIP3 
A1B emissions scenario used in the existing Upper Grande Ronde Basin study (Justice et 
al., 2017) because the CMIP5 uses a more recent set of greenhouse gas emissions 
scenarios and climate projections (Null and Prudencio, 2016).     
Climate change scenarios included mean and maximum seasonal projected 
changes in air temperature (Table 3.3) for the Blue Mountains for CMIP5 RCP 8.5 from 
historical (1950 – 1999) to mid-21st century (2040 to 2070) (Holfsky and Peterson, 
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2017).  Maximum air temperature change represents the maximum model projection and 
mean air temperature change represents the multi-model mean projection.  The mid-21st 
century annual projected maximum air temperature change for CMIP5 RCP 8.5 is 4.7 oC 
(Holfsky and Peterson, 2017), which is equivalent to the CMIP3 A1B 2080s projected 
mean summer air temperature increase estimated in the Upper Grande Ronde Basin study 
(Justice et al., 2017).  Air temperatures were increased uniformly spatially for each 
season (Diabat et al. 2012). 
Table 3.3. Changes made to weather data for climate change model alternatives. 
  
Winter 
(DJF) 
Spring 
(MAM) 
Summer 
(JJA) 
Autumn 
(SON) Annual 
Maximum (oC) 5.1 4.6 5.2 4.6 4.7 
Mean (oC) 3.2 3.0 3.6 3.1 3.2 
Flow 10% 10% -10% 0% 10% 
 
 
Mean CMIP5 RCP 8.5 precipitation change projections in the Blue Mountains between 
historical and mid-21st century (2040 to 2070) are -7.5% in summer, +1.5 in autumn, 
+7.2% in winter, and +6.5% in spring resulting in a mean annual precipitation change of 
+3.2% (Holfsky and Peterson, 2017).  In my climate change simulations I decreased 
Meadow Creek and Cougar Creek summer flows by 10% and made no changes to 
autumn flows.  Winter and spring flows were increased by 10% to be consistent with the 
minimal projected annual precipitation changes (Table 3.3).  This is consistent with the 
summer low flow decreases of 0 to 10% and 1.5 year flood magnitude increases of 10 to 
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20% projected for Meadow Creek between the historical and 2080s time periods using 
the Variable Infiltration Capacity (VIC) model and CMIP3 A1B emissions scenario 
(Holfsky and Peterson, 2017).  VIC model results for Meadow Creek also showed a 0 to 
10% decrease for summer flows in the 2040 time period (Holfsky and Peterson, 2017).   
All other weather inputs (RH, wind speed, and cloudiness) were left unchanged 
from current conditions (Null et al., 2010).  I increased deep alluvium temperature by the 
same magnitude that I increased annual air temperature because groundwater 
temperatures track average annual air temperatures.  Meadow Creek and Cougar Creek 
inflow temperatures were increased by 0.3 oC for every 1 oC increase in air temperature, 
based on the CMIP3 A1B projected 0.9 oC average summer stream temperature increase 
and 3.3 oC average summer air temperature increase across the Blue Mountains in the 
2040s (Holfsky and Peterson, 2017).  This was consistent with CMIP3 A1B 2080s 
projections of an average summer stream temperature increase of 1.9 °C and an average 
summer air temperature increase of 5.4 oC across the Blue Mountains (Holfsky and 
Peterson, 2017).   
Projected air temperature and flow changes were run independently before 
combining them to assess their individual impact on stream temperatures.  The percent of 
temperature change due to air and flow changes was calculated as the magnitude of the 
change in reach maximum of the maximum 7DADM, or warmest reach, from the 
independent air and flow changes divided by the change in magnitude of the warmest 
reach from the combined air and flow changes.  Projected maximum climate change 
alternatives combine the maximum air temperatures changes with flow changes and 
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projected mean climate change alternatives combine flow changes and mean air 
temperature changes (Table 3.3).  
3.6.2 Vegetation Data and Assumptions  
Stream temperature impacts were evaluated for three riparian vegetation stand 
heights, shrub mixed conifer and hardwoods, small mixed conifer and hardwoods, and 
large mixed conifer and hardwoods, for current and projected climate scenarios. 
Vegetation scenarios changed riparian vegetation heights for the 9 rkms planted during a 
2014 revegetation restoration effort (Fig. 3.1) for 60 m on both banks of Meadow Creek.  
I used riparian vegetation tree height and canopy density provided by Heat Source for 
shrub mixed conifer and hardwoods, small mixed conifer and hardwoods, and large 
mixed conifer and hardwoods stands in the Pacific Northwest (Boyd and Kasper, 2003).   
Canopy density for all three scenarios was 75%.  Small mixed conifer and 
hardwood stand height was 12.2 m.  Shrub mixed conifer and hardwood stand was 4.5 m, 
which represents a worst case growth scenario and a 82% height reduction from the 24.4 
m large stand height.  This scenario may be realistic because wild ungulate herbivory 
reduced growth of restoration plantings by 73%  after two growing seasons in Meadow 
Creek (Averett et al., 2017).   
Restoration planting mortality rate was assumed to be 30% (Averett et al., 2017).  In 
addition, open water or active alluvial deposits were assumed where no vegetation was 
measured from 2009 LiDAR.  Vegetation heights measured by LiDAR that were greater 
than restored vegetation height were also maintained in the scenarios.  This assumes tall 
trees that currently live along Meadow Creek remain.     
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4  Results 
4.1 Measured Stream Temperature, Flow, and Weather Data 
Measured upstream and Cougar Creek boundary condition stream temperatures 
were freezing in the winter and peaked during summer (Table 3.4 and Fig. A.3).  
Maximum upstream and Cougar Creek boundary condition stream temperature for WY 
2017 were recorded in April 2017 because WY 2017 modeled October 2016 to April 
2017.  Measured WY 2017 peak flows were double the peak flows of WY 2015 and WY 
2016 (Table 3.4 and Fig. A.5).  Summer 2016 field measurements indicated decreasing 
flow throughout the summer (Table A.3) and a general longitudinal gaining trend (Fig. 
A.7), although the gaining trend was not incorporated into the model due to minimum 
boundary condition flow requirements for Heat Source.  Maximum air temperatures 
occurred in July for WY 2015 and WY 2016 and in October for WY 2017. 
Table 3.4. Field measured stream temperature, air temperature, and flow. 
    WY 2015   WY 2016  WY 2017 
Maximum Stream Temp, 
Upstream Boundary (oC) 
 26.3 7/1/15 16:00 
 26.8 7/29/16 16:00 
 10.3 4/21/17 16:00 
Maximum Stream Temp, 
Cougar Creek (oC) 
 21.3 7/1/15 17:00 
 19.6 6/7/16 17:00 
 8.0 4/21/17 16:00 
Maximum Air Temp (oC)  37.0 7/31/15 15:00 
 33.7 7/29/16 16:00 
 24.9 10/8/16 14:00 
Minimum Flow (cms)  0.02 7/6/16  0.03 8/21/16  0.04 10/1/16 
Maximum Flow (cms)   7.79 1/2/15   6.68 2/15/16   16.90 4/26/17 
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Table 3.5. Heat Source model stream temperature calibration/validation results from 
upstream to downstream for each WY. 
  ME (oC) 
MAE 
(oC) 
RMSE 
(oC) NSE 
n 
(hrs) rkm 
WY 2015 
Validation 
0.7 1.1 1.4 0.96 8736 8.06 
0.7 1.4 1.8 0.94 8736 5.56 
0.7 1.4 1.8 0.94 8736 5.35 
0.4 1.3 1.7 0.95 8736 0.10 
 0.6 1.3 1.6 0.95 8736 Average 
       
WY 2016 
Calibration 
0.6 0.9 1.1 0.97 8760 8.18 
0.3 0.8 1.0 0.98 8760 8.06 
0.5 0.9 1.2 0.97 8760 6.58 
0.3 1.1 1.4 0.96 8760 5.56 
0.4 1.1 1.4 0.96 8760 5.35 
0.3 0.9 1.1 0.98 8760 2.93 
0.0 1.0 1.2 0.97 8760 0.10 
 0.3 0.9 1.2 0.97 8760 Average 
       
WY 2017 
Calibration 
0.3 0.5 0.7 0.95 4896 8.06 
0.5 0.7 1.0 0.89 4896 5.56 
0.5 0.7 1.0 0.89 4896 5.35 
0.4 0.8 1.0 0.91 4896 0.10 
  0.4 0.7 0.9 0.91 4896 Average 
 
Table 3.6. Heat Source model stream temperature calibration/validation results by season 
at the downstream-most temperature logger (rkm 0.10). 
  ME (oC) 
MAE 
(oC) 
RMSE 
(oC) NSE 
n 
(hrs) Season 
WY 2015 
Validation 
0.9 1.0 1.2 0.22 2160 Winter 
1.4 1.7 2.1 0.78 2208 Spring 
-0.5 1.5 1.8 0.79 2208 Summer 
-0.3 1.1 1.4 0.85 2160 Fall 
       
WY 2016 
Calibration 
0.7 0.8 0.9 0.07 2160 Winter 
0.3 1.0 1.2 0.92 2208 Spring 
-0.4 1.1 1.4 0.87 2208 Summer 
-0.7 1.1 1.3 0.81 2160 Fall 
       
WY 2017 
Calibration 
0.5 0.5 0.7 -0.49 2160 Winter 
0.1 0.6 0.7 0.87 1272 Spring 
-- -- -- -- -- Summer 
0.8 1.1 1.4 0.76 1466 Fall 
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4.2 Heat Source Calibration 
The model calibration period resulted in yearly RMSE and NSE values of 1.2 oC 
and 0.97 for dry WY 2016, and 1.0 oC and 0.91 for wet WY 2017 at the downstream 
most temperature logger at rkm 0.1 (Table 3.5).  RMSE and NSE were 1.7 oC and 0.95, 
respectively, for the validation period of WY 2015 at the downstream temperature logger.  
Summer RMSE at rkm 0.1, the downstream end of the modeled reach, was 1.1 oC for WY 
2016 and 1.5 oC for WY 2015 (Table 3.6).  The calibrated model slightly under predicted 
summer stream temperatures by 0.5 oC in WY 2015 and 0.4 oC in WY 2016 at rkm 0.1 
(Table 3.6).  Simulated winter and spring temperatures at rkm 0.1 were warmer than 
measured temperatures for all WYs (Table 3.6).  Simulated diurnal variability fit 
measured diurnal variability well in all seasons except during high spring flows for WY 
2016; however, diurnal variability was underestimated during the validation year 2015 
(Fig. 3.2).  This may be due to the poorly correlated airport weather data inputs for WY 
2015. 
The Heat Source model also routed flow (Table 3.7 and Fig. A.8) and hydraulics 
(Fig. A.9 and A.10) well.  The RMSE value of 0.08 cms for the WY 2015 and WY 2016 
was smaller than the RMSE of 0.21 cms for October to April of the WY 2017. 
Table 3.7. Flow routing calibration/validation results at the OWRD gage, rkm 1.5. 
 ME 
(cms) 
MAE 
(cms) 
RMSE 
(cms) NSE 
N 
(hrs) rkm 
WY 2015 Validation 0.00 0.03 0.08 0.99 8736 1.50 
WY 2016 Calibration 0.00 0.03 0.08 1.00 8760 1.50 
WY 2017 Calibration 0.00 0.09 0.21 0.99 4896 1.50 
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Figure 3.2. Simulated (blue) vs. measured (orange) stream temperatures for WY 2015 
(top), WY 2016 (middle), and WY 2017 (bottom) at the downstream temperature 
logger, rkm 0.1. 
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4.3 Model Scenarios 
Maximum 7DADM for WY 2016 under current vegetation conditions varied from 
25.0 oC to 27.0 oC longitudinally through the model reach (Fig. 3.3 and Table 3.8).  WY 
2017 had similar range of 3.2 oC; however, WY 2015 maximum 7DADM temperatures 
ranged from 25.7 oC to 31.4 oC.   
 
 
Figure 3.3. Maximum 7DADM by river kilometer for all climate scenarios for current 
vegetation conditions.  River kilometer 0 is the downstream end of the model reach. 
Projected air temperature changes had a much greater impact on the reach 
maximum of the maximum 7DADM, or the warmest reach, than projected changes to 
flow.  Maximum air temperature warming from climate change in the mid-21st century 
caused 90% and 92%, of the stream temperature increase for the warmest reach during 
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dry years WY 2015 and 2016, respectively, while flow caused 10% and 8%.  However, 
100% of stream temperature warming from climate change in the mid-21st century was 
due to air temperature warming for the wet WY 2017.  Combining maximum air 
temperature and flow projections for the projected maximum climate change condition 
increased the warmest reach, or the reach maximum of the yearly maximum 7DADM, by 
4.4 oC, 3.5 oC, and 3.3 oC for WY 2015, WY 2016, and WY 2017, respectively, without 
vegetation restoration (Fig. 3.3 and Table 3.8).   
When looking at the warmest reach, vegetation restoration to shrub stands had 
little impact on stream temperatures in WY 2015 and WY 2016, but WY 2017 was 
reduced by 1.1 oC (Table 3.8).  A shrub stand with a height of 2.5 m, 75% canopy 
density, and 30% planting mortality was tested and did not reduce maximum 7DADM 
stream temperatures from the current vegetation condition.  Restoration to a small mixed 
and large mixed stand both resulted in stream temperature reductions of 1.2 oC and 1.3 oC 
for WY 2016 and WY 2017, respectively, for current climate conditions.  Vegetation 
restoration to a large mixed stand reduced the warmest reach stream temperatures by 2.9 
oC for WY 2015 for current climate conditions.  Reductions in stream temperature for the 
restoration scenarios were due to a reduction in the solar radiation heat flux received at 
the stream surface.  When increased shade reduced the positive solar radiation heat flux 
during the day, the combination of the negative evaporation, long wave, and bed 
conduction heat fluxes was greater than the solar radiation heat flux (also see 
Limitations).  Wildfire that removed all vegetation increased the warmest reach by 0.8 oC 
for WY 2016 to 1.8 oC for WY 2015 current climate conditions (Table 3.8 and Fig. 3.4).  
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Table 3.8. Maximum 7DADM for the warmest reach and longitudinal range of maximum 
7DADM through model reach.  The current vegetation and climate alternative shows the 
modeled maximum 7DADM (bold), while all other alternatives show the change from 
current vegetation and climate conditions. 
 Current 
Vegetation Wildfire 
Shrub 
Stand 
Small 
Mixed 
Stand 
Large 
Mixed 
Stand 
 Maximum 7DADM in the 
Warmest Reach (oC) 
WY 2015 31.4 1.8 -0.1 -1.9 -2.9 
WY 2015 + Mean Climate Change 3.3 4.9 3.1 1.4 -0.6 
WY 2015 + Max Climate Change 4.4 6.1 4.3 2.6 0.7 
      
WY 2016 27.0 0.8 0.0 -1.2 -1.2 
WY 2016 + Mean Climate Change 2.5 3.4 2.5 0.6 0.5 
WY 2016 + Max Climate Change 3.5 4.4 3.5 1.4 1.2 
      
WY 2017 13.6 1.3 -1.1 -1.3 -1.3 
WY 2017 + Mean Climate Change 2.2 3.8 1.0 0.0 0.0 
WY 2017 + Max Climate Change 3.3 5.2 2.0 1.0 0.7 
      
 Range of Maximum 7DADM through  
Model Reach (oC) 
WY 2015 5.7 7.5 5.6 4.4 10.7 
WY 2015 + Mean Climate Change 7.9 9.6 7.8 6.1 9.8 
WY 2015 + Max Climate Change 8.6 10.2 8.5 6.8 9.7 
      
WY 2016 2.0 2.2 2.0 4.7 9.9 
WY 2016 + Mean Climate Change 3.1 3.7 3.1 3.4 8.7 
WY 2016 + Max Climate Change 3.6 4.2 3.6 3.1 8.2 
      
WY 2017 3.2 4.2 2.8 4.2 4.4 
WY 2017 + Mean Climate Change 4.2 5.7 3.1 2.7 2.9 
WY 2017 + Max Climate Change 4.8 6.6 3.6 2.6 2.3 
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Figure 3.4. Maximum 7DADM by river kilometer for wildfire, small mixed stand, and 
large mixed stand vegetation conditions for all climate conditions for WY 2015 (a), WY 
2016 (b), and WY 2017 (c).  Shrub stand not shown because it is comparable to current 
vegetation conditions. 
Under CMIP5 RCP 8.5 projected maximum climate change conditions, the 
wildfire scenario suggested increases of 4.4 oC (in WY 2016) to 6.1 oC (in WY 2015) in 
the warmest reach from current vegetation conditions (Table 3.8 and Fig. 3.4).  The small 
and large mixed stand restoration scenarios mitigated over half of the impacts of 
projected maximum climate change conditions on reach maximum 7DADM stream 
temperatures for all modeled years (Table 3.8 and Fig. 3.4).  Projected mid-21st century 
maximum climate change conditions increased WY 2016 reach maximum 7DADM 
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temperatures by 1.4 oC with revegetation restoration to the small and 1.2 oC with large 
mixed stand restoration when compared to current WY 2016 climate conditions.   
However, reach maximum statistics underrepresent the impact small and large 
mixed stand vegetation restoration had on stream temperatures because the reach 
maximum 7DADM for these scenarios occurs in the upstream section of model reach 
where there was no revegetation restoration (Fig. 3.4).  Increased shade blocks solar 
radiation and less stream temperature heating occurs at locations with revegetation 
restoration.  The reduced heating results in lower maximum 7DADM temperatures than 
at locations without shade.  The small and large mixed stand restoration scenarios 
increase the range of the maximum 7DADM through the model reach by 2.7 oC and 7.9 
oC, respectively for WY 2016 (Table 3.8 and Fig. 3.4).  The shrub stand restoration and 
wildfire scenarios did not change the range in maximum 7DADM through the reach for 
WY 2016. 
4.3.1 River Kilometer 1.3 
Scenario results were compared at rkm 1.3, the downstream end of the longest 
revegetation restoration segment, to assess the impact of revegetation restoration 
scenarios on stream temperature.  The impacts of climate change scenarios on stream 
temperature observed at rkm 1.3 were similar to the impacts observed at the warmest 
reach (Fig. 3.5 and Table 3.9).  Similar to the reach maximum 7DADM, projected 
maximum air temperature changes accounted for 90% (in WY 2015) to 100% (in WY 
2017) of the increase in maximum 7DADM at rkm 1.3.     
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Figure 3.5. 7DADM at rkm 1.3 for all climate scenarios for current vegetation. 
Table 3.9. Maximum 7DADM at rkm 1.3.  The current vegetation and climate alternative 
shows the maximum 7DADM value (bold), while all other alternatives show the change 
from the current vegetation and climate condition. 
  Current Vegetation Wildfire 
Shrub 
Stand 
Small 
Mixed 
Stand 
Large 
Mixed 
Stand 
WY 2015 31.1 1.2 -0.1 -4.9 -11.2 
WY 2015 + Mean Climate Change 3.2 4.3 3.0 -1.4 -9.5 
WY 2015 + Max Climate Change 4.3 5.5 4.2 -0.1 -8.2 
      
WY 2016 26.5 0.7 -0.3 -5.1 -10.6 
WY 2016 + Mean Climate Change 2.8 3.5 2.5 -2.1 -7.7 
WY 2016 + Max Climate Change 3.9 4.6 3.6 -0.9 -6.4 
      
WY 2017 10.5 3.5 -0.6 -2.4 -2.6 
WY 2017 + Mean Climate Change 2.9 6.3 2.3 0.6 0.2 
WY 2017 + Max Climate Change 4.3 7.7 3.8 2.0 1.6 
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Impacts on maximum 7DADM stream temperatures from riparian revegetation 
restoration scenarios were larger at rkm 1.3 than for the warmest reach (Table 3.9).  
Increases in maximum 7DADM due to wildfire at rkm 1.3 were similar to reach 
maximum 7DADM, because wildfire that removes vegetation throughout the model 
reach influences the entire model reach consistently.  Restoration to a shrub stand 
reduced maximum 7DADM by 0.1 oC in WY 2015 to 0.6 oC in WY 2017.  Small and 
large mixed stand vegetation restoration reduced WY 2016 maximum 7DADM by 5.1 oC 
and 10.6 oC, respectively, at rkm 1.3 for current climate conditions.  Therefore, small 
mixed stand vegetation restoration has the potential to offset projected maximum air 
temperature increases and flow changes for the mid-21st century, resulting in a 0.9 oC 
decrease in maximum 7DADM from WY 2016.  Large mixed stand vegetation 
restoration had the greatest potential to reduce maximum 7DADM at rkm 1.3 and offset 
climate change increases.  Restoration to a large mixed stand resulted in a maximum 
7DADM for the mid-21st century maximum climate change condition that was 6.4 oC less 
than the dry WY 2016 maximum 7DADM (Table 3.9).   
Restoration to a large mixed stand had the most impact on the warmest and driest 
year (Fig. 3.6 and Fig. 3.7) WY 2015, resulting in a mid-21st century maximum climate 
change maximum 7DADM that was 8.2 oC less than WY 2015 current conditions 
maximum 7DADM (Table 3.9).  However, large mixed stand revegetation restoration did 
not offset stream temperature warming for the wet WY 2017 due to mid-21st century 
maximum climate change.  The greatest reductions in maximum 7DADM due to 
revegetation restoration occur during the summer months in WY 2015 and WY 2016 
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(Fig. 3.6) and I did not observe these reductions in the October 2016 to April 2017 model 
period (WY 2017).  
 
A 
 
B 
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Figure 3.6. 7DADM at rkm 1.3 for wildfire, small mixed stand, and large mixed stand 
conditions for all climate conditions for WY 2015 (a), WY 2016 (b), and WY 2017 (c) 
and summer steelhead (Oncorhynchus mykiss) life history timing in the Grande Ronde 
River Basin (d) (Jonasson et al., 2006; U.S. Bureau of Reclamation, 2012).  Shrub stand 
not shown because it was comparable to current vegetation conditions (Fig. 3.5). 
  
C 
 
D 
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Figure 3.7. Number of days with 7DADM values greater than temperature thresholds 
(oC) for salmonids for WY 2015 (a), WY 2015 + Max Climate Change (b), WY 2016 (c), 
WY 2016 + Max Climate Change (d), WY 2017 (e), and WY 2017 + Max Climate 
Change (f).  7DADM values (oC) were assessed at rkm 1.3. 
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WY 2016 current vegetation conditions had 145 days with 7DADM exceeding the 
13 oC spawning criterion for salmonids, 91 of which exceed the 18 oC rearing criterion, 
73 exceeded the 21 oC stress threshold, and 13 exceeded the 25 oC lethal threshold (Fig. 
3.5 and Fig. 3.7).  WY 2015 had 25 days with 7DADM exceeding the 25 oC lethal 
threshold occurring in the months of June, July, and August and WY 2017 met all 
temperature thresholds for salmonids (Fig. 3.5).  Projected maximum climate changes for 
the mid-21st century increased the total number of days with 7DADM values exceeding 
13 oC by 30 days for WY 2015 and impacted the distribution of which thermal criteria 
these days exceeded (Fig. 3.7 and Table A.4).  The number of days with 7DADM values 
exceeding the lethal threshold for salmonids increased by 53 days to a total of 78 days for 
the mid-21st century maximum climate change condition (Fig. 3.7).  Mid-21st century 
maximum climate change conditions had the greatest impact on WY 2016, increasing the 
total number of days with 7DADM values exceeding 13 oC by 35 days (Fig. 3.7 and 
Table A.4).  Days exceeding the lethal threshold increased by 62.   
The increase in days exceeding the spawning temperature threshold occurred in 
the shoulder season months during spring and fall (Fig. 3.5).  Temperature increases 
during these months have the potential to impact summer steelhead (Oncorhynchus 
mykiss), that spawn mid-March through June (Fig. 3.6d), and spring chinook, that spawn 
August through September in the Grande Ronde River Basin (Jonasson et al., 2006; U.S. 
Bureau of Reclamation, 2012).  The wet partial year, WY 2017, was impacted the least 
by maximum climate change conditions, increasing to 9 days exceeding the 13 oC 
spawning threshold, which occurred during October (Fig. 3.5 and Fig. 3.7). 
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Riparian vegetation restoration to the large mixed stand restoration scenario has 
the potential to eliminate days with 7DADMs above the lethal threshold for salmonids 
and decrease the number of days exceeding spawning criteria during spawning periods 
(Fig. 3.6 and Fig. 3.7).  Reductions in the number of days exceeding spawning threshold 
due to revegetation restoration occurred during May and June, during steelhead 
(Oncorhynchus mykiss) spawning, and in September, during chinook spawning. 
Vegetation restoration had the greatest impact on the hottest, driest year, WY 
2015, reducing the number of days exceeding spawning criteria for the mid-21st century 
maximum climate change condition to 32 days less than the current climate conditions.  
The small mixed stand restoration reduced the number of days exceeding spawning 
criteria for the mid-21st century maximum climate change condition by 3 days from the 
current WY 2015 climate conditions (Fig. 3.7 and Table A.4).  Restoration to a large 
mixed stand resulted in a number of days exceeding spawning criteria for the mid-21st 
century maximum climate change condition that was one week less than the current WY 
2016 climate conditions (Fig. 3.7 and Table A.4).  While restoration to the shrub stand 
scenario had little impact on the number of days with 7DADM exceeding spawning 
criterion, it resulted in an 8 day decrease in the number of days exceeding the stress 
threshold for WY 2016 and a 7 day decrease in the number of days exceeding the lethal 
threshold for maximum mid 21st century climate change projections.  The wildfire 
scenario increased the number of days with 7DADM values exceeding the lethal 
threshold for salmonids under both current climate and maximum climate projections 
(Fig. 3.7 and Table A.4).  
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5  Discussion and Conclusions 
5.1 Limitations  
All models are approximations of complex natural systems.  Model equifinality, 
or different combinations of parameter values that produce the same results, exemplifies 
model uncertainty, particularly when using models with a large number of parameters 
that are calibrated (Jakemanet al. 2006; Lu et al. 2009), such as Heat Source.  This may 
have occurred between my model and model developed by CRITFC for Meadow Creek.  
Two different channel geometry and Manning’s n combinations resulted in wetted width, 
wetted depth, and velocity values during the summer months that correlated to field 
measurements.  However, I assumed my model is more robust because my channel 
geometry produces hydraulics that correlate to established values for Manning’s n and 
field data during spring high flows.  The CRITFC model used Manning’s n values as high 
as 0.6, while the maximum Manning’s n value reported in literature is 0.2.  In addition, 
the CRITFC side slope and Heat Source’s assumption of a trapezoidal channel shape 
does not allow wetted widths to expand during high flows in the spring.  The model is 
sensitive to deep alluvium temperature, sediment depth, percent hyporheic exchange, and 
evaporation coefficients a and b.  Model accuracy could be improved by additional field 
measurements to help constrain these parameters. 
Model calibration time period and validation time period can impact the model 
calibration.  The year types in which the model was calibrated may impact the ability of 
the model to simulate stream temperatures during other year types.  The majority of my 
model calibration period was during extremely dry years.  In addition, model calibration 
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was impacted by the fact that I calibrated across winter and summer months for the whole 
year.  Model bias showed that the model under predicted peak stream temperatures 
during the summer, yet over predicted stream temperatures during the winter.  Model 
calibration could remove modeling of winter months and focus on the months that are 
biologically significant for salmonids in order to achieve an improved model fit during 
peak summer stream temperatures. 
Several simplifications of the hydrologic processes in Meadow Creek may have 
impacted the accuracy of the model and should be considered when interpreting model 
scenario results.  The inflow from Cougar Creek was assumed to be a consistent 
percentage of mainstem flow throughout the year. Furthermore, inflows from Ray Creek 
and other intermittent tributaries were assumed to have insignificant impacts on stream 
temperatures.  Upstream boundary condition pressure transducer data was not used in 
modeling because it was only available for summer 2016 and did not meet model low 
flow requirements.  The low flow requirement of 0.007 cms stated by Heat Source is a 
limitation of the Heat Source model.  The longitudinal gaining trend in flow measured in 
field data was not represented in the model because the upstream boundary condition had 
to be less than the flow requirement of the model to add groundwater flow.  The gaining 
trend and the observation of groundwater seeps in the field, especially in the upstream 
two river kilometers modeled, indicate that groundwater inflows may have an influence 
on stream temperatures in Meadow Creek.  While the presence of cold groundwater 
inputs may increase stream temperature resiliency in Meadow Creek with climate change, 
they were not represented in my model.  The lack of incorporating groundwater influence 
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in the model may have increased calibration error and added uncertainty to the model 
scenarios.  Subsurface flow interactions are small, difficult to measure, and were 
calibrated. 
Multiple problems were encountered during modeling that must be considered 
when interpreting my model results.  The longitudinal cooling of stream temperatures in 
my model are a result of the sum of the evaporative, net longwave, and bed conduction 
fluxes (which are negative), and are greater than the positive solar radiation flux when 
shading is present.  The heat fluxes included in the model output includes the conduction 
between the water and sediment layer, however, the model does not write out the 
hyporheic heat flux that additionally exchanges heat between the water column and 
sediments.  Therefore, the total influence of the heat exchange with the sediments on the 
water column temperatures are not provided.   
Proper use of the Heat Source model and understanding of the heat exchanges 
with the bed sediments is needed.  In short, the bed conduction flux between the stream 
and the bed sediment is represented by one layer and is a function of the one half of this 
layer depth. This means bed conduction is calculated for the top half of the sediment 
depth only.  Conduction between the bed sediment and the deep alluvium layer is 
calculated over the bottom half of the sediment depth.  Additionally, hyporheic exchange 
occurs throughout the entire depth of the sediment layer.  If the model is set to include 
conduction between the deep alluvium and bed sediment, the deep alluvium temperature 
is an input that cannot be varied through time, but becomes the bottom boundary 
condition for this sediment layer.   
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There is no current model manual to document this information and the brief 
descriptions in the model interface are misleading.  It is not clear to the user that the 
sediment depth/hyporheic exchange input is used in the bed conduction flux, deep 
alluvium flux, and hyporheic flux calculations, and that bed conduction occurs over the 
top half of this depth and deep alluvium conduction occurs over the lower half.  In fact, 
the outdated model manual contradicts this by stating that the depth used for bed 
conduction flux is 20 cm.  There is also no documentation of the impact of setting the 
model to include the deep alluvium temperature in conduction calculations. 
Based on the representation of the sediment exchanges in Heat Source, 
interpretation of model calibration and scenario results should take this into account.  In 
my calibrated model, I included a deep alluvium temperature of 10 oC.  This means I 
modeled Meadow Creek to have a sediment temperature of 10 oC at 0.2 m to 0.4 m below 
the water surface.  This can be thought of as a constant heat sink below the stream bed 
during the summer.  In addition, the sediment depths of 0.2 m to 0.4 m were not only the 
depth of hyporheic exchange as described in the model manual, but they also determine 
the depths over which bed conduction and deep alluvium conduction occur.  A deep 
alluvium temperature of 10 oC located 0.2 m below the stream bed may not be 
representative of the conditions in Meadow Creek during peak summer months.  
However, the deep alluvium temperatures of 17 oC located 0.1 m below the stream bed 
used in the CRITFC model (Justice et al., 2017; Watershed Sciences, 2012b) is not 
representative of conditions in Meadow Creek throughout the year.  Calibration over a 
longer time period would reveal that this is an unrealistic deep alluvium temperature. 
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The availability of high-quality input data improves model development and 
performance.  The channel geometry and land cover measured in 2009 were assumed to 
be representative of current conditions.  The dynamic nature of mountain streams may 
result in channel geometry changes over time, especially in areas where log and boulder 
placement occurred during the 2014 restoration.  The full sun meteorological station was 
assumed to be representative of weather data for the 12 rkm model reach, when spatial 
variation or microclimates may occur.  The Heat Source model equations used to 
calculate solar radiation flux necessitate the use of a cloudiness factor; however, the 
estimation of the cloudiness factor as a model input can introduce uncertainty into the 
model.  Model validation used climate data that was based on a correlation between La 
Grande, OR airport and the full sun meteorological station, which introduced uncertainty 
into the WY 2015 model. 
Climate change scenarios have several sources of uncertainty.  Climate change 
projections were not downscaled, but instead the projections for the Pacific Northwest 
region (Oregon, Washington, Idaho, and western Montana) were considered 
representative of the Blue Mountains for planning purposes (Holfsky and Peterson, 
2017).  While monthly and annual variations in climate are assumed to be correlated 
across the Pacific Northwest region (Holfsky and Peterson, 2017), there is uncertainty in 
how these climate change projections apply at a smaller scale in the Meadow Creek 
watershed.  In addition, the average 0.3 oC increase in stream temperature for 1 oC air 
temperature increase projected for the Blue Mountains region may not be representative 
of the stream temperature increase for Meadow Creek upstream boundary conditions with 
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climate change.  I assumed that average annual deep alluvium temperature increases 
average annual projected air temperature increases; however, complex groundwater 
interaction may influence this and were not accounted for in this model.  Air temperature 
and flow were the only weather inputs modified for climate change scenarios.  However, 
additional uncertainty exists as future relative humidity, wind speed, and cloudiness are 
impacted by changes in air temperature and precipitation.  In addition, varying the daily 
distribution of air temperature increases may impact 7DADM temperatures (Diabat et al. 
2012).  
Revegetation scenarios assume uniform canopy density and tree height, while 
spatial variation exists in reality.  Model results are sensitive to canopy density.  If the 
canopy density is uniformly cut in half to 37.5%, restoration to a large mixed stand 
results in a maximum 7DADM for the mid-21st century maximum climate change 
condition at rkm 1.3 that was 4.2 oC colder than WY 2016 current vegetation condition.  
This reduction in maximum 7DADM at rkm 1.3 is 2.2 oC warmer than the 6.4 oC 
reduction due to the large mixed stand revegetation restoration using a 75% canopy 
density (Table 3.9). 
5.2 Major Findings 
The model calibration was improved from the 2012 CRITFC model.  The 2012 
CRITFC model for Meadow Creek produced a ME of 0.22 oC, MEA of 1.21 oC, RMSE 
of 1.54 oC, and NSE of 0.85 at their temperature logger above the confluence with Bear 
Creek (Watershed Sciences, 2012b), which is rkm 1.0 in our model.  My model 
development and calibration for WY 2016 at my downstream node improved on these 
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calibration statistics producing an ME of -0.01 oC, MEA of 0.99 oC, RMSE of 1.22 oC, 
and NSE of 0.97.  While my modeled extent was smaller, my model was developed for 
over 2 years, while the 2012 model was developed for summer only.   
Mid-21st century maximum climate change projections impacted dry year 
7DADM temperatures more than wet years, increasing the number of days with 7DADM 
values exceeding 13 oC by 30 days in WY 2015 and 35 days in WY 2016.  Days 
exceeding the lethal threshold increased by 53 in WY 2015 and 62 in WY 2016.  The 
increase in days exceeding spawning thresholds occurred during spring and fall shoulder 
seasons, critical times for steelhead (Oncorhynchus mykiss) and spring chinook 
(tshawytscha) spawning.  Mid-21st century increases in air temperature have a much 
greater impact on maximum 7DADM temperatures than projected changes to flow, 
especially for the wet WY 2017 that saw no changes from projected flow alterations.  A 
wildfire that removes vegetation along the modeled extent of Meadow Creek increased 
maximum 7DADM by 0.8 oC in WY 2016 to 1.8 oC in WY 2015;however, the 0.8 oC 
increase in WY 2016 is within the 1.22 oC calibration RMSE.   
Revegetation restoration in Meadow Creek to small and large mixed stand heights 
has the potential to offset stream temperature warming from projected mid-21st century 
climate changes during dry years.  Revegetation restoration had the greatest impact on the 
driest, hottest year 7DADM temperatures.  Restoration to a small mixed stand with a 12.2 
m height reduced maximum 7DADM at rkm 1.3 by 0.1 oC and 0.9 oC under maximum 
mid-21st century projected climate change from WY 2015 and WY 2016 conditions, 
respectively.  The large mixed stand with a height of 24.4 m reduced maximum 7DADM 
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at rkm 1.3 by 8.2 oC and 6.4 oC under maximum projected 21st century air temperatures, 
respectively.  Restoration to a shrub stand height of 4.5 m did not offset stream 
temperature warming from climate change and restoration to a shrub height of 2.5 m did 
not impact stream temperatures under any climate scenario.  Revegetation did not offset 
climate warming in the wet WY 2017. 
Riparian revegetation restoration to the large mixed stand eliminated days with 
7DADMs above the lethal threshold (25 oC) for salmonids and decreased the number of 
days exceeding spawning criteria during spawning periods.  Days with 7DADM stream 
temperatures exceeding spawning (13 oC) and rearing (18 oC) thresholds were reduced by 
all vegetation restoration scenarios, but elimiated by none.  Vegetation restoration had the 
greatest impact on the hottest, driest year, WY 2015, reducing the number of days 
exceeding spawning criteria for the mid-21st century maximum climate change condition 
to 32 days less than the current climate conditions.   
My small and large mixed stand estimated stream temperature results bracket the 
Upper Grande Ronde Basin temperature modeling study (Justice et al., 2017), which 
estimated a 3.5 oC reduction in stream temperatures in the 2080s with restored natural 
potential vegetation.  Justice et al. (2017) varied species type and thus height at 75 years 
throughout the reach, but did not account for planting mortality.  My small and mixed 
stand results also bracketed reductions in peak summer temperatures of about 3.8 oC from 
riparian restoration simulated with Heat Source in the upper John Day River (Butcher et 
al., 2010).  My small and large mixed stand restoration scenarios exceeded the 0.26 oC 
predicted reductions in peak summer temperatures for a North Fork Salmon River Heat 
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Source model (Bond et. al 2015).  In addition, the 1.2 °C decrease in stream temperature 
under current climate conditions estimated from a mature riparian forest for the 1260 m 
model reach of the Boiron de Morges River in Switzerland was less than my predicted 
reductions from the large mixed stand (Roth et al., 2010).  However, both of these 
examples highlight the importance of considering restoration length when assessing 
stream temperature benefits because both model reaches were ~1 km, as opposed to the 
continuous 6.5 km of revegetation restoration upstream of my assessment location. 
My research illustrates that it is important to assess maximum 7DADM 
longitudinally downstream of revegetation restoration.  Stream temperature modeling 
misses the impact of revegetation restoration if reach maximum 7DADM is the only 
metric analyzed.  Assessing the reach maximum 7DADM alone would show reach 
maximum 7DADM increased 1.2 oC for the mid-21st century maximum climate change 
condition with revegetation restoration to the large mixed stand scenario, while 
assessment at the downstream end of revegetation restoration showed a decrease of 6.4 
oC when compared with current conditions for WY 2016.  This also highlights the 
importance of the length and location of revegetation restoration, which can maximize 
thermal refugia for salmonids or alleviate the impact of known thermal barriers (Dugdale 
et al. 2013; Sutton et al. 2007).  In addition, my results show that maximum 7DADM 
temperatures begin to warm in the bottom 1 km of the reach where revegetation 
restoration did not occur.   
Modeling difficulties encountered highlighted the importance of easily accessible 
model documentation for model users.  Unclear parameter definition resulted in a model 
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application that may not be representative of Meadow Creek.  Existing Heat Source 
model applications may also be unrepresentative of Pacific Northwest systems if these 
input parameters were incorrectly defined.  Future model users should be aware of the 
mechanistic use of deep alluvium temperature, sediment depth, and hyporheic exchange 
input parameters when applying Heat Source.  In addition, managers interpreting model 
results should be aware that the model may overstate the cooling impacts of riparian 
revegetation if bed conduction parameters are improperly used. 
Model simulation results inform management decisions at Meadow Creek and in 
other basins in the Northwest.  Given revegetation restoration mortality and growth 
reductions due to ungulate herbivory in Meadow Creek (Averett et al., 2017), it is 
important to realize that tree heights of at least 12 m are needed to offset maximum 
projected mid-21st century warming.  Tree heights of at least 4.5 m are needed to reduce 
maximum 7DADM magnitudes by 0.1 oC to 0.6 oC for current climate conditions.  It is 
vital to consider the long-term growth achievable for revegetation when making 
restoration decisions to benefit stream temperatures for salmonids. 
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CHAPTER IV 
CONCLUSION 
Warm stream temperatures and low flows threaten salmonids in the Walker River 
and Upper Grand Ronde River Basins.  My research helps measure and model small-
scale variability, as temperature range, that is unquantified in existing basin-scale 
research.  Various types of restoration target different factors influencing stream 
temperature to accomplish salmonid recovery restoration goals.  Stream restoration in the 
Walker River, including EWPs, buffer rising stream temperatures and make use of 
thermal refugia to increase LCT habitat quality.  Riparian revegetation ameliorates 
impacts of climate change on stream temperatures in Meadow Creek.   
Temperature modeling is an essential tool for restoration projects, helping 
managers answer the difficult questions about the long-term effectiveness of restoration 
projects.  I show the importance of understanding the parameter use in modeling 
equations for the development of a representative model in Meadow Creek.  I also draw 
attention to the importance of understanding the underlying model mechanisms when 
interpreting model results.  In addition, I demonstrated that stream temperature 
variability, as temperature range, is an important metric to consider when assessing 
restoration alternatives for salmonid management in both case studies.  Results highlight 
promising river restoration approaches and remove poor alternatives for decision-makers, 
providing information to best allocate scarce restoration funding to manage stream 
temperatures under climate and river restoration uncertainty.  
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CHAPTER V 
ENGINEERING SIGNIFICANCE  
Both of my research chapters evaluate restoration alternatives to better inform 
restoration management to benefit salmonids.  They demonstrate the importance of 
considering underlying model mechanisms when interpreting model results to inform 
restoration management decisions.  Despite these common themes, each chapter has a 
distinct engineering significance in the information provided. 
Observed stream temperature variability compared to temperature model 
predicitions can provide insight into model accuracy and interpretation.  Understanding 
small-scale temperature variability in the Walker River helped to identify locations with 
thermal refugia and thermal barriers to migration and interpret watershed-scale model 
results in a restoration context.  Results identified two habitat features, beaver dams and 
return flow channels, that maximize stream temperature ranges  and may mitigate 
warming temperatures from climate change.  Restoration should maintain and enhance 
these features, although different restoration approaches may be needed at different 
locations.  Results may be applied to other semi-arid watersheds in the American West to 
identify habitat features that are important for small-scale stream temperature buffering 
and restoration management.   
 A Heat Source model application provided information about the effect of 
riparian revegetation restoration and climate scenarios on stream temperatures in 
Meadow Creek.  Results show the impact of riparian revegetation to various tree heights 
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at the mid-21st century.  Managers can use this information coupled with revegetation 
mortality and growth reductions due to ungulate herbivory in Meadow Creek (Averett et 
al., 2017) to make restoration decisions.  Modeling difficulties encountered highlighted 
the importance of easily accessible and updated model documentation for model users.  
Unclear parameter definitions resulted in a model application that may not be 
representative of Meadow Creek.  Existing Heat Source model applications may also be 
unrepresentative of Pacific Northwest systems if these input parameters were incorrectly 
defined.  Future model users should be aware of the mechanistic use of deep alluvium 
temperature, sediment depth, and hyporheic exchange input parameters when applying 
Heat Source.  In addition, managers interpreting model results should be aware that the 
model may overstate the cooling impacts of riparian revegetation if bed conduction and 
hyporheic parameters are improperly set.  
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Table A.1: Mean RMSE and bias of DTS stream temperature compared to three 
reference temperatures for each DTS channel.   
  RMSE (oC) Mean Bias (oC) 
East Walker River Ch. 1 0.12 0.00 
East Walker River Ch. 2 0.09 0.00 
Mainstem Walker River Ch. 1 0.15 0.00 
Mainstem Walker River Ch. 2 0.15 0.00 
Table A.2: RMSE and Bias between DTS and iButton stream temperature measurements 
at the East Walker River and Mainstem Walker River DTS sites. 
 East Walker River  Mainstem Walker River 
iButton 
Number 
Cable Distance 
(m) 
RMSE 
(oC) 
Bias 
(oC) 
 Cable Distance 
(m) 
RMSE 
(oC) 
Bias 
(oC) 
3 509.883 0.0 0.0  162.892 0.5 -0.5 
2 777.736 0.0 0.0  calibration bath -- -- 
17 975.582 0.0 0.0  buried  -- -- 
18 buried  -- --  325.227 0.5 0.0 
13 691.495 0.5 0.0  748.313 0.5 0.0 
21 482.489 0.0 0.0  725.992 0.5 -0.5 
22 278.555 0.5 0.5  872.093 0.5 0.0 
25 890.356 0.5 0.5  calibration bath -- -- 
9 601.196 0.5 0.5  buried  -- -- 
1 calibration bath -- --  941.086 0.5 0.0 
10 calibration bath -- --  498.722 0.5 0.5 
7 941.086 0.5 0.5  609.313 0.5 0.5 
Average  0.5 0.5   0.5 0.0 
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B  
 
Figure A.1. i Button Residuals vs. DTS data for the East Walker River (a) and Mainstem 
Walker River (b) DTS sites.  Residual is defined as I Button temperature – DTS 
temperature.  The best fit line (grey) represents the i Button residual.  Bias is shown as 
the reference line (blue). 
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Measured Flow and Weather Data 
Stream flow and weather were fairly consistent during the study period at the East 
Walker River DTS site.  Flow was initially near 1.4 cms (50 cfs) and dropped about 0.2 
cms (5 cfs) during deployment.  Initial streamflow was just over 0.6 cms (20 cfs) and 
increased over 0.6 cms (25 cfs) during the deployment at the mainstem Walker River 
DTS site.  No rain events occurred during this time and flow changes were due to 
reservoir release magnitudes.  The peaks in variability at the mainstem Walker River 
DTS site on the 25th and 29th do not correlate with changes in flow or weather (Figure 1). 
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Figure A.2. Stream temperature variability, flow, air temperature, and solar radiation 
measured every 15 minutes at the East Walker River (a, c, and e) and mainstem Walker 
River (b, d, and f) DTS sites.  Stream temperature variability is calculated for the length 
of the study reach, not including Wabuska Drain at the mainstem Walker River DTS site. 
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Figure A.3. Measured stream temperature boundary conditions at the Meadow Creek 
upstream model boundary (a) and Cougar Creek (b). 
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Figure A.4. Residual between measured stream temperatures at the upstream boundary 
condition and the logger upstream of Smith Creek (hourly data from August 14, 2014 to 
October 8, 2016). 
 
Figure A.5. Hourly flow measured at the OWRD gage October 1, 2014 to April 30, 
2017. 
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Figure A.6. Wind speed (a), solar radiation (b), relative humidity (c), and air temperature 
(d) measured at the full sun station. 
0.0
1.0
2.0
3.0
4.0
7/1/15 12/28/15 6/25/16 12/22/16
W
in
d 
Sp
ee
d 
(m
/s)
0
500
1000
1500
7/1/15 12/28/15 6/25/16 12/22/16
So
la
r R
ad
ia
tio
n 
(W
/m
2 )
0.0
0.5
1.0
7/1/15 12/28/15 6/25/16 12/22/16
Re
la
tiv
e 
H
um
id
ity
 (%
)
-40
-20
0
20
40
7/1/15 12/28/15 6/25/16 12/22/16
A
ir 
Te
m
pe
ra
tu
re
 
(o C
)
108 
 
 
Figure A.7. Change in % gage flow field measurements throughout the model reach for 
summer 2016.  Legend shows locations from upstream (top) to downstream (bottom). 
Table A.3a. Flow measurements collected for May 2016. 
Rkm 
 
Date 
 
Time 
 
Flow 
(cms) 
Wetted 
Width  
(m) 
Average 
Velocity 
(m/s) 
Average 
Depth 
 (m) 
Flow % 
Difference 
from Gage 
1.55 5/6/2016 15:25 0.351 7.00 0.36 0.14 24 
12.25 5/7/2016 10:40 0.189 3.00 0.20 0.31 -25 
12.05 5/7/2016 10:15 0.017 1.11 0.12 0.13 0 
12.00 5/7/2016 12:20 0.205 3.90 0.14 0.37 -20 
10.00 5/7/2016 14:55 0.222 2.75 18.30 0.19 -10 
8.15 5/8/2016 12:10 0.017 0.70 0.27 0.09 0 
8.10 5/8/2016 13:50 0.224 5.15 0.19 0.23 3 
7.90 5/8/2016 17:10 0.216 5.20 0.17 0.25 6 
3.70 5/9/2016 9:50 0.215 5.60 0.18 0.21 11 
3.00 5/9/2016 11:25 0.202 5.00 0.18 0.23 1 
0.10 5/9/2016 14:15 0.210 4.00 0.21 0.25 6 
12.00 5/9/2016 16:20 0.164 4.30 0.12 0.31 -13 
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Table A.3b. Flow measurements collected for June 2016. 
Rkm 
 
Date 
 
Time 
 
Flow 
(cms) 
Wetted 
Width  
(m) 
Average 
Velocity 
(m/s) 
Average 
Depth 
 (m) 
Flow % 
Difference 
from Gage 
12.00 6/7/2016 9:40 0.085 3.38 0.07 37.12 -29 
12.25 6/7/2016 13:45 0.065 3.89 0.10 17.22 -47 
12.05 6/7/2016 12:30 0.004 0.80 0.05 9.17 0 
1.55 6/7/2016 15:10 0.129 7.30 0.19 9.39 8 
0.10 6/7/2016 16:45 0.105 4.30 0.12 20.77 -7 
12.00 6/8/2016 9:50 0.077 4.30 0.06 28.26 -31 
10.00 6/8/2016 11:15 0.085 2.80 0.23 13.27 -27 
8.15 6/8/2016 13:10 0.105 5.55 0.14 13.97 -6 
8.10 6/8/2016 14:00 0.007 1.05 0.10 6.52 0 
7.90 6/8/2016 14:40 0.094 4.75 0.11 17.92 -13 
6.70 6/8/2016 15:50 0.123 7.30 0.10 16.09 9 
5.45 6/9/2016 10:15 0.112 3.85 0.21 13.60 -10 
5.30 6/9/2016 11:15 0.114 3.55 0.19 17.17 -2 
3.70 6/9/2016 13:15 0.116 5.65 0.11 17.95 0 
3.00 6/9/2016 14:30 0.099 5.15 0.11 17.49 -18 
1.55 6/9/2016 16:05 0.116 6.75 0.18 9.27 4 
5.40 6/9/2016 11:00 0.002 0.38 0.10 4.75 0 
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Table A.3c. Flow measurements collected for July 2016. 
Rkm 
 
Date 
 
Time 
 
Flow 
(cms) 
Wetted 
Width  
(m) 
Average 
Velocity 
(m/s) 
Average 
Depth 
 (m) 
Flow % 
Difference 
from Gage 
12.00 7/7/2016 10:00 0.028 3.72 0.06 11.70 -43 
12.05 7/7/2016 13:45 0.002 0.90 0.03 8.17 0 
12.25 7/7/2016 15:15 0.018 3.95 0.02 23.59 -58 
12.00 7/8/2016 9:00 0.029 3.85 0.07 11.13 -44 
10.00 7/8/2016 9:51 0.034 5.30 0.05 12.76 -33 
8.15 7/8/2016 11:45 0.039 4.50 0.07 11.78 -27 
8.10 7/8/2016 13:10 0.003 1.05 0.04 7.38 0 
7.90 7/8/2016 13:50 0.056 4.40 0.08 16.11 6 
7.15 7/8/2016 14:55 0.053 5.50 0.07 14.34 -2 
6.70 7/9/2016 11:25 0.095 6.50 0.09 15.85 -7 
5.45 7/9/2016 13:40 0.110 4.35 0.21 12.25 6 
5.40 7/9/2016 15:05 0.002 0.36 0.13 4.00 0 
4.70 7/9/2016 15:50 0.102 4.60 0.16 14.28 -5 
3.70 7/9/2016 17:00 0.096 5.30 0.09 21.02 -1 
3.00 7/10/2016 10:05 0.097 5.15 0.12 15.69 -3 
1.55 7/10/2016 11:20 0.097 6.53 0.16 9.57 1 
0.65 7/10/2016 13:00 0.104 4.95 0.22 9.63 8 
0.10 7/10/2016 14:10 0.087 4.40 0.11 18.59 -9 
12.00 7/10/2016 16:10 0.053 3.80 0.09 15.03 -43 
Table A.3d. Flow measurements collected for August 2016. 
Rkm 
 
Date 
 
Time 
 
Flow 
(cms) 
Wetted 
Width  
(m) 
Average 
Velocity 
(m/s) 
Average 
Depth 
 (m) 
Flow % 
Difference 
from Gage 
12.25 8/2/2016 10:05 0.011 3.45 0.01 21.06 -71 
12.05 8/2/2016 11:50 0.001 0.75 0.02 6.93 0 
12.00 8/2/2016 14:40 0.014 3.55 0.03 12.93 -65 
0.25 8/2/2016 18:45 0.029 4.35 0.05 12.26 -23 
0.10 8/2/2016 18:05 0.032 4.10 0.04 17.32 -14 
12.00 8/3/2016 8:05 0.015 3.60 0.03 12.92 -62 
10.00 8/3/2016 9:35 0.024 4.70 0.05 9.53 -40 
8.15 8/3/2016 11:10 0.023 4.90 0.05 9.61 -40 
8.10 8/3/2016 12:50 0.001 0.85 0.02 5.35 0 
6.70 8/3/2016 14:20 0.026 6.50 0.04 11.28 -34 
5.30 8/3/2016 16:40 0.023 3.20 0.05 14.13 -44 
3.70 8/3/2016 18:00 0.028 4.90 0.06 9.83 -31 
3.70 8/4/2016 10:10 0.030 4.90 0.06 9.89 -33 
0.65 8/4/2016 12:25 0.035 4.20 0.04 16.99 -6 
0.10 8/4/2016 13:35 0.030 3.95 0.04 16.99 -22 
12.00 8/4/2016 15:20 0.013 3.55 0.03 12.61 -58 
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Figure A.8. Simulated (blue) vs. measured (orange) flow for WY 2015 (top), WY 2016 
(middle), and WY 2017 (bottom) at the OWRD gage, rkm 1.5. 
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Figure A.9. Downstream node, rkm 0.1, field measurements (orange) and model 
simulated hydraulics (blue) for WY 2016. 
 
Figure A.10. Downstream node, rkm 0.1, field measurements (orange) and model 
simulated hydraulics (blue) for WY 2017. 
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Table A.4. Days with 7DADM greater than salmonid temperature thresholds at rkm 1.3. 
Climate Scenario Vegetation Scenario 
>13 
(days) 
>18 
(days) 
>21 
(days) 
>25 
(days) 
WY 2015 Current 155 90 78 25 
WY 2015 + Mean Climate Change Current 173 121 87 73 
WY 2015 + Max Climate Change Current 185 142 93 78 
WY 2015 Wildfire 183 125 89 43 
WY 2015 + Mean Climate Change Wildfire 196 155 111 83 
WY 2015 + Max Climate Change Wildfire 204 168 134 87 
WY 2015 Shrub Stand 153 90 76 20 
WY 2015 + Mean Climate Change Shrub Stand 170 115 87 67 
WY 2015 + Max Climate Change Shrub Stand 174 139 91 76 
WY 2015 Small Mixed Stand 102 66 18 9 
WY 2015 + Mean Climate Change Small Mixed Stand 140 88 64 16 
WY 2015 + Max Climate Change Small Mixed Stand 152 92 76 20 
WY 2015 Large Mixed Stand 68 7 0 0 
WY 2015 + Mean Climate Change Large Mixed Stand 106 22 8 0 
WY 2015 + Max Climate Change Large Mixed Stand 123 44 14 0 
WY 2016 Current 145 91 73 13 
WY 2016 + Mean Climate Change Current 174 117 89 58 
WY 2016 + Max Climate Change Current 180 130 96 75 
WY 2016 Wildfire 170 116 83 26 
WY 2016 + Mean Climate Change Wildfire 185 145 110 76 
WY 2016 + Max Climate Change Wildfire 192 153 117 82 
WY 2016 Shrub Stand 143 90 65 11 
WY 2016 + Mean Climate Change Shrub Stand 167 114 87 52 
WY 2016 + Max Climate Change Shrub Stand 179 128 95 68 
WY 2016 Small Mixed Stand 108 53 5 0 
WY 2016 + Mean Climate Change Small Mixed Stand 141 88 50 0 
WY 2016 + Max Climate Change Small Mixed Stand 158 96 70 8 
WY 2016 Large Mixed Stand 57 1 0 0 
WY 2016 + Mean Climate Change Large Mixed Stand 104 9 0 0 
WY 2016 + Max Climate Change Large Mixed Stand 138 42 0 0 
WY 2017 Current 0 0 0 0 
WY 2017 + Mean Climate Change Current 4 0 0 0 
WY 2017 + Max Climate Change Current 9 0 0 0 
WY 2017 Wildfire 8 0 0 0 
WY 2017 + Mean Climate Change Wildfire 20 0 0 0 
WY 2017 + Max Climate Change Wildfire 29 2 0 0 
WY 2017 Shrub Stand 0 0 0 0 
WY 2017 + Mean Climate Change Shrub Stand 0 0 0 0 
WY 2017 + Max Climate Change Shrub Stand 8 0 0 0 
WY 2017 Small Mixed Stand 0 0 0 0 
WY 2017 + Mean Climate Change Small Mixed Stand 0 0 0 0 
WY 2017 + Max Climate Change Small Mixed Stand 0 0 0 0 
WY 2017 Large Mixed Stand 0 0 0 0 
WY 2017 + Mean Climate Change Large Mixed Stand 0 0 0 0 
WY 2017 + Max Climate Change Large Mixed Stand 0 0 0 0 
 
